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The nasal mucosa serves as the first physical barrier to foreign materials and as a 
conditioner for inhaled air. In numerous nasal airway diseases, such as rhinitis, 
rhinosinusitis, and nasal polyp (NP), the pseudo-stratified surface epithelium is 
often severely damaged because of the disruption of the tight balance of stem cell 
self-renewal and differentiation. NP is a chronic inflammatory airway disease that 
presents with severe infiltration of inflammatory cells (e.g., eosinophils and 
neutrophils), basal- or goblet cells hyperplasia, squamous metaplasia epithelial 
remodeling, and stromal edema.  
 
Epithelium abnormalities in NP involved with stem cells and their progenitors 
might result from intrinsic (including epigenetic) alterations in their transcriptional 
and regulatory programs, which in turn affect proliferative and differentiation 
potential. Alternatively, changes such as inflammation, infection and allergy might 
result from the altered dynamic and complex stem cell niche. One way to 
distinguish between these alternatives would be to isolate and grow stem cells from 
healthy and diseased tissues and compare them under conditions that are conducive 
for normal stem cell self-renewal and differentiation. This would show if the stem 
cells from diseased tissue retain their abnormal behavior.  
  
Therefore, this thesis focuses on the establishment of a human nasal epithelial stem 
or progenitor cells (hNESPCs) model in vitro, an investigation of biophysiology 
and pathophysiology of cell growth and differentiation of hNESPCs isolated from 
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healthy nasal mucosa and NP biopsies, and the implication of this cell model in the 
study of the pathogenesis and molecular mechanisms leading to aberrant epithelial 
remodeling and impairment of mucociliary apparatuses such as cilia architecture 
and ciliogenesis in hyperplastic nasal epithelium from NP biopsies. 
 
Initially, we tested the cultural components and conditions for hNESPCs growth 
and differentiation in vitro. Primary cells from biopsies survived and more than 90% 
of cells proved to have properties of epithelial stem or progenitor cells in a 
chemical-defined medium. Meanwhile, these cells successfully differentiated into 
functional cells (e.g., ciliated and goblet cells) in air-liquid interface (ALI) culture. 
These results indicated that we had successfully isolated and expanded pure 
hNESPCs in vitro. 
 
Secondly, we investigated whether the growth and differentiation properties of the 
nasal epithelial cells from NPs and healthy controls were different. We found that 
hNESPCs isolated from NP epithelium exhibited 1) lower growth and proliferative 
dynamics than the healthy controls, 2) a significant decreased proportion of Ki67+ 
cells in p63+ cells, 3) more senescent cells found in P2 and P3 cultures as compared 
to those from healthy controls. During differentiation process, although there was 
no difference between the basal cells derived from NP epithelium and healthy 
controls, study of the functional cells showed several distinctions: 1) the intensity 
and extensity of MUC5AC staining were higher in the cells derived from NP 
biopsies than in the controls from 10 days after differentiation to the end of 
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differentiation, 2) the membrane mucins in hNESPCs from NP biopsies had a 
slower response to the stimulation of the culture environment during cell 
differentiation, 3) the cilia appeared denser and longer with over expression of 
ciliogenesis markers (Foxj1, CP110 and TAp73), but showed a slower ciliary beat 
frequency (CBF) in cell culture from NP epithelium than healthy controls. These 
results suggested that the intrinsic problem affecting the growth and differentiation 
process may be important for the development of NP.  
 
At last, we confirmed the cilia structure in the remodeling epithelium of tissue 
sections from NP patients in order to evaluate whether these in vitro phenomena 
occurred in vivo. The abnormal cilia architecture (untidy, overly dense, and 
lengthened) with the abnormal expression of ciliogenesis associated markers was 
also observed in the hyperplasia epithelium in NP paraffin sections. A comparison 
of the in vivo and in vitro results indicated that this cell model could simulate the 
in vivo pathophysiological changes of NP in vitro. 
 
In conclusion, we established an in vitro model for validating and comparing 
hNESPCs morphology and functional activity in the cells from NP and healthy 
controls, and demonstrated that the intrinsic factors related to cell growth and 
differentiation may explain the mechanism underlying the histopathological 
patterns of NP. The establishment and implication of the hNESPCs model 
ultimately contribute to the knowledge of NP pathogenesis and improvement of NP 
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Chapter 1. Literature review 
The nasal epithelium is the first site exposed to both inflammatory and physical 
environmental stimuli, such as pathogens, infectious agents, and air pollutants. 
As the first line of defense, the homeostasis of the nasal epithelium is 
maintained by a tight balance of stem cell self-renewal and differentiation 
(Holgate, 2000; Tam et al., 2011). In response to injury or environmental 
stimulation, the nasal epithelium can undergo repair in a well-coordinated 
process of epithelial stem cells, which includes migration, proliferation and 
differentiation. However, disruption of the balance in epithelial stem cells could 
theoretically lead to pathological airway remodeling in a number of different 
ways, including basal cell hyperplasia, goblet cell hyperplasia, and squamous 
metaplasia (Holgate, 2000; Rock et al., 2010).  
 
Nasal polyp (NP), one common chronic inflammatory disorder of the upper 
airways is featured by epithelial damage, such as hyperplasia or squamous 
metaplasia. This disease represents as a challenging diagnosis for physicians 
because of their uncertain etiology and high recurrence (Newton and Ah-See, 
2008). Results from our research data indicated that epithelial change is a 
critical driving factor in NP development (Li et al., 2009; Li et al., 2011). 
However, because of lacking critical information on the properties of nasal 
epithelial stem cells, it is still difficult to distinguish between the normal and 
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abnormal mechanisms underlying epithelial repair and remodeling. Therefore, 
culturing and comparing human nasal epithelial stem cells from healthy and 
diseased tissues in vitro may help to illuminate the pathophysiology of nasal 
airway disease from a different and more specific perspective. 
 
In this literature review, we summarize current trends in all aspects of NP, such 
as epidemiology, histopathology, pathogenesis and treatment. As follows, we 
also review the biophysiology and pathophysiology of three types of nasal 
epithelial cells. At last, the current application of cell models in nasal epithelial 
researches will be reviewed. 
 
1.1. Chronic rhinosinusitis with NP 
Chronic rhinosinusitis (CRS) is one of the commonest chronic diseases in upper 
airway, approximately 5% to 15% of the general population. It is closely related 
to NP, about 20% of the patients with CRS have NP (Settipane, 1996). 
Researches on CRS with NP (CRSwNP) were mainly based on the large-scale 
epidemiologic and histopathology studies, however, the pathogenesis of 





CRSwNP is one of the most common chronic diseases of the upper respiratory 
system. The epidemiologic studies from nasal endoscopy or questionnaires 
reported 0.2% to 4.3% prevalence of CRSwNP in the general population 
(Johansson et al., 2003; Klossek et al., 2005; Min et al., 1996). However, a 
higher prevalence of NP at 32% from an autopsy studies indicated that a 
significant number of patients with NP who did not seek for diagnosis may be 
missed in the prevalence (Larsen and Tos, 2004). Compared to women, there is 
a higher incidence of NP among men (Larsen and Tos, 2002). The incidence of 
NP is uncommon under the age of 20, however, it could be increased with age 
(Settipane, 1996).  
 
CRSwNP is usually associated with other diseases such as cystic fibrosis, 
allergy, asthma and aspirin sensitivity: 1) Cystic fibrosis is a hereditary disease 
with ciliary malfunction can cause progressive disability and early death. In 
patients with cystic fibrosis, NP is present in about 40% patients. As compared 
to NP without cystic fibrosis, NP patients with cystic fibrosis featured by more 
neutrophilia than eosinophilia in histology (Hadfield et al., 2000); 2) About 0.5 
to 4.5% of allergic rhinitis subjects have NP. Same research group also found a 
higher prevalence of allergy (10-64%) in the patients with NP (Settipane, 1996; 
Settipane and Chafee, 1977). However, these results are still under 
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controversies; 3) CRSwNP and asthma are frequently associated in the same 
patients. 26% of patients with NP are reported accompanied with asthma and 7% 
of asthmatic patients have NP (Settipane and Chafee, 1977). This prevalence is 
higher than those in the controls. The overlap between asthma and nasal 
comorbidities confirm a close relationship between nasal disease and asthma; 4) 
In patients with aspirin sensitivity, the incidence of NP is 36% to 95%, 
indicating a close correlation between NP and aspirin sensitivity (Larsen, 1996; 
Settipane, 1996). 
 
Some environmental factors also show a higher prevalence in NP, such as 
biofilm and cigarette smoking. However, the role of these environmental factors 
in the development of NP remains unclear. 
 
1.1.1. Histopathology 
NP are soft, painless, noncancerous growth, which generally arises from the 
middle meatus and ethmoid sinus into the nasal cavity (as shown in Figure 1.1). 
They are characterized as large quantities of extracellular edema and 
inflammatory cell infiltration. Eosinophilia are the prominent features of cell 
infiltration in NP. Damaged epithelium is often caused by aberrant remodeling 
(Han et al.). Other pathological alterations of NP include a thickened basement 
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membrane, a reduced number of blood vessels and few mucous glands lacking 
normal neural elements.  
 
Figure 1.1. Gross view of nasal polyp.  
Picture was taken from the patient with NP under endoscopic examination. 
 
Based on different histological patterns, NP could be categorized into four types 
(Hellquist, 1996). Most of NP is characterized as the edematous polyp, which 
had edema, goblet cell hyperplasia of the epithelium, thickening of the basement 
membrane and infiltration of leukocytes, predominantly eosinophils. The 
second type is the fibro-inflammatory polyp, which is morphologically 
characterized by chronic inflammation and squamous metaplastic epithelium, 
while lack of stromal edema and goblet cell hyperplasia. A rare type presents 
with pronounced hyperplasia of seromucinous glands, but still shows edematous. 
The rarest type is a polyp with atypical stroma. 
 
1.1.2. Pathogenesis 
Although the pathogenesis of NP is poorly understood, several hypotheses on 
the mechanisms underlying NP development have been proposed in recent 
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decades, including environmental factors, genetic predisposition, inflammatory 
mechanism and epithelial damage. 
 
1. Genetic predisposition 
Genetic predisposition has been suggested as one of the pathogenesis of NP, 
some epidemiological evidence supports this hypothesis on NP: 1) Drake-Lee 
reported the development of NPs in identical twins (Drake-Lee, 1992); 2) High 
rates of NP (13.3%-17.45%) have been reported in patients with a familial 
history of NP (Alexiou et al., 2011; Qiu et al., 2013); 3) With the mutation of 
CFTR gene, cystic fibrosis genotypes may associate with clinical severity in NP 
patients (Feuillet-Fieux et al., 2011). Inherited genetic variation appears 
important in NP, but it still has largely unexplained.  
 
Recent studies have been reported that there are several genes as susceptible 
markers, which may contribute to NP susceptibility in patients with asthma: 1) 
the genes related to human major histocompatibility complex class II, such as 
HLA-DRA, CIITA (Bae et al., 2013; Kim et al., 2012); 2) the human ubiquitin 
protein ligase E3C (UBE3C) gene (Pasaje et al., 2011); 3) and the emilin or 




The genes linked to the mucosal inflammatory response may play a more 
relevant role in the development of the associated clinical features in NP than 
in simple polyposis, such as PDE4D family (Apuhan et al., 2013), CD14 
promoter (Yazdani et al., 2012), LTC4S, CYSLTR1, PTGDR, and NOS2A 
(Benito Pescador et al., 2012). An interesting study in Chinese subjects showed 
that the polymorphisms in thymic stromal lymphopoietin (TSLP) gene may 
exert a gender and nasal polyposis-dependent risk for development of CRS 
(Zhang et al., 2013). 
 
Above genetic studies indicate that the mutation of genes involved in 
inflammatory may participate in the development of NP. Although there is no 
direct evidence to show the mutation of genes related to epithelial remodeling 
in NP, other studies from cancer provide few evidences in genetic predisposition 
in epithelial damage. The polymorphisms in PLUNC (palate, lung and nasal 
epithelium clone) gene were associated with nasopharyngeal carcinoma in 
Chinese population (He et al., 2007; Yew et al., 2012). Moreover, SPINK5 gene 
which encodes the epithelial protein LEKT1 showed an alternative splicing in 
buccal mucosa squamous cell carcinoma (Shah et al., 2013) and its mutation are 
shown to be responsible for Netherton syndrome (a rare autosomal recessive 
condition that results in flaky skin, fragile hair and severe atopy) (Descargues 




The studies based on single-nucleotide polymorphism (SNP) technique have 
revealed the genes, especially inflammatory related genes, may participate in 
the development of NP. However, the information of the genes involved in the 
epithelial damage in NP is rare partially due to the lack of appropriate study in 
vitro model. Identifying the causal genes and gene variants in NP is important 
in order to improve prevention, diagnosis, and treatment of NP. 
 
2. Inflammatory mechanisms 
Inflammatory cells disorder is one of the most important mechanisms in NP 
pathogenesis. Based on the genetic defection, the atopic immunity response to 
microorganisms triggers the epithelial remodeling in NPs. In the following parts, 
both the inflammatory triggers and cells involved in the development of NP will 
be discussed. 
 
1) Inflammatory triggers 
Many studies demonstrated that the microorganisms may trigger the 
inflammation in NPs. Multiple bacterial species with a preponderance of 
staphylococci and corynebacterium were found in the samples from the 
vestibule (Hilty et al., 2010). The nasal microbiota is complex, with a varying 
degree of sensitivity and specificity. Hence, it is difficult to identify the 
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pathogenic mechanism of each species. However, the group aroused with 
microorganisms adhere to surface of nasal mucosa, which is called biofilms, has 
been found that may increase resistance of bacteria to antibiotics therapy (Lewis, 
2008; Stewart et al., 2001). Biofilms were found in about 70% of NP patients 
(Bezerra et al., 2011; Korkmaz et al., 2014). Although there is no significantly 
different from those in the healthy controls, the microorganisms group may 
associate with inflammatory cells infiltration and the innate immunity activation 
(Hamilos, 2013; Wang et al., 2014). 
 
Compared to the combined action of multiple bacterial species as biofilm, the 
s.aureus was hypothesis as a superantigen that triggered local eosinophilic 
inflammation (Bachert et al., 2007). However, the lower incidence of 
staphylococcus in Asian group indicates that the superantigen theory could 
explain the pathogenesis of NP only in a subset patients (Lemon et al., 2010). 
The role of fungi in CRS patients was considered to exhibit a unique T-cell-
driven hypersensitivity which is not mediated by IgE (Bakhshaee et al., 2014; 
Ponikau et al., 1999; Shin and Ye, 2004; Tan et al., 2010). However, there is 
much controversy in fungi theory in the last decade and this hypothesis has not 




Furthermore, the exposure to environmental toxins such as smoking, ozone, 
sulphur dioxide, nitrogen dioxide as well as particulate air pollutants may 
potentially trigger the damage to epithelium and result airway inflammation. 
Above all, the bacteriology, biofilms, superantigen, fungi and environmental 
toxins could trigger the inflammation and damage the epithelium in NPs. As 
followed, inflammatory cells involve into the damaged site and play as the 
major roles in the development of NPs. 
 
2) Inflammatory cells and cytokines 
NP could be separated into two sub-types based on the pattern of inflammatory 
cell infiltration in NP tissues: (i) increase eosinophil levels and Th2 cytokine 
skewing; (ii) less eosinophilic than first type with a Th1/17 cytokine skewing 
(Fokkens et al., 2012). The first type was widely spread over the western 
population of NP (Jankowski et al., 1989; Jankowski et al., 2002; Polzehl et al., 
2006).  
 
The mechanism of eosinophilia occurred in NP involves three main processes: 
(i) the promoting effects of eosinophil differentiation by cytokines such as GM-
CSF (Ohnishi et al., 1988; Xaubet et al., 1994) and IL5 (Hamilos et al., 1998; 
Lamblin et al., 2001), (ii) the expression of adhesion molecules (Corsi et al., 
2008; Jahnsen et al., 1995), p-selectin and L-selectin (Symon et al., 1994) by 
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endothelium and the release of eosinophil-attracting chemokines (Shin et al., 
2003) by the epithelium, and (iii) prolong survival of eosinophil by self-
generating cytokines in response to extracellular-matrix components 
(Rothenberg, 1998). 
 
Another pattern with less eosinophilia in NPs was found in Asian population 
(Cao et al., 2009). A study in Chinese NPs has identified a predominantly Th1 
and Th17 pattern (Zhang et al., 2008). More evidences showed that the 
transcription factor of Treg cells (FOXP3) (Li et al., 2012), Th1 (T-box 
transcription factor) and Th2 (GATA-3) (Van Bruaene et al., 2008) had an 
abnormal expression in NPs. These results suggested that the impairment 
regulation of Treg and Th cells may contribute to the development of NP. As the 
results of microorganism stimulation and inflammatory cells disorder, epithelial 
damage and remodeling occurred in NPs. 
 
3. Epithelial repair and damage 
As the results of genetic predisposition and inflammatory cells disorder, the 
capacity of epithelial repair is decreased, leading to the imbalance of epithelial 




1) Mechanical barrier and host defense function 
Nasal epithelium not only plays a role as mechanical barrier to protect airway 
from environmental factors, microorganisms and virus, but also involves in both 
the innate and acquired immune response. It has been reported that significantly 
decreased levels of desmosomal proteins (DSG2 and DSG3) (Zuckerman et al., 
2008), tight junction proteins (claudin and occludin) (Rogers et al., 2011) and 
epithelial protein (LEKT1) (Richer et al., 2008) in patients with NP. The 
decrease expression level of S100 family and PLUNC (palate lung nasal 
epithelial clone) in NPs indicated a defect in the formation of antimicrobial 
shield in epithelium (Richer et al., 2008; Seshadri et al., 2012; Tieu et al., 2010). 
Toll-liker receptors (TLR) are the prominent among pattern recognition 
receptors (PRRs), which are in charge of recognizing pathogen associated 
molecular patterns (PAMPs). There are several TLRs expressed on airway 
epithelium, such as TLR2, TLR3, TLR4 and TLR9 (Kato and Schleimer, 2007). 
In NP patients, the mRNA of TLR2 and TLR9 showed a decrease, indicating a 
functional deficit of TLR signaling in NP development (Lane et al., 2006). The 
altered expression level of the above proteins demonstrates the innate immune 
pathway may be abnormally regulated or impaired in NPs. 
 
The cytokines and chemokines produced by epithelial cells also showed 
aberrant response after stimulation and followed with impairment distribution 
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of inflammatory cells. In NP patients, the elevated secretion of BAFF (Kato et 
al., 2008) and IL-6 (Peters et al., 2010) produced by epithelial cells could trigger 
B-cell proliferation and switch the type of immunoglobulin (Ig), which may 
participate in the induction of eosinophilia. The increased expression level of 
GM-CSF, eotaxins and RANTES from NP epithelial cells likely contribute to 
the recruitment and survival of eosinophils (Kirtsreesakul, 2005). Moreover, IL-
8 decreased in NP epithelium may associate with the diminished neutrophil 
recruitment (Damm et al., 2006). Additionally, the ectopic expression of 
epithelial cells cytokines (IL-25, IL-33 and TSLP) had the capacity to skew cell 
differentiation in Th2 direction (Schleimer et al., 2007). The change of these 
cytokines and chemokines secreted by epithelial cells may contribute to the 
disorder of inflammatory cells (eosinophilia) in NP. 
 
2) Damage, repair and remodeling 
After attaching by inflammatory mediators, the damaged epithelium will further 
develop into epithelial remodeling including fibrosis, epithelial alterations, 
goblet cell hyperplasia, sub-epithelial edema and inflammatory cell infiltrates. 
Recent studies demonstrated that there are several mechanisms which may 
contribute to epithelial remodeling: increased of ion transport, up-regulated of 
VEGF (Vascular endothelial growth factor) (Gosepath et al., 2005; Wittekindt 
et al., 2002; Lee et al., 2009), low levels of TGF-β(Van Bruaene et al., 2008; 
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Van Crombruggen et al., 2011), and disorder of matrix metalloproteinase (MMP) 
and its inhibitors (Wang et al., 2010; de Borja Callejas et al., 2013; Malinsky et 
al., 2013).   
 
Normal ion transport may maintain the balance of epithelium permeability. 
However, the increased of ion transport disrupt this balance and lead the tissue 
edema in NPs (Bernstein and Yankaskas, 1994). VEGF increased in NP may 
modulate both angiogenesis and vascular permeability, leading the formation of 
polyp (Gosepath et al., 2005; Wittekindt et al., 2002). Furthermore, the data 
from in vivo studies demonstrated that VEGF can increase the proliferation of 
nasal epithelial cells by promotes its growth and inhibits its apoptosis, which 
may trigger the hyperplasia of epithelial (Lee et al., 2009). The extracellular 
matrix (ECM) may affect cellular behaviors including migration, differentiation, 
survival and proliferation (Al-Muhsen et al., 2011). TGF-β can modulate ECM 
deposition and consequently work on the growth of nasal epithelial cells in the 
airway (Halwani et al., 2011). The low level of TGF-β in NP may contribute to 
delay the tissue repair and lead to oedema (Van Bruaene et al., 2008; Van 
Crombruggen et al., 2011). ECM could also be regulated by the actions of 
MMPs and tissue inhibitors of metalloproteinase (TIMPs) (Araujo et al., 2008). 
Although the alter expression levels of MMPs and TIMPs could be observed in 
NP compared to healthy controls, their impairment patterns in NP still have the 
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controversy (de Borja Callejas et al., 2013; Malinsky et al., 2013). In addition, 
TGF-β may also effects NP thought regulating the sinonasal levels of MMPs 
and TIMPs (Wang et al., 2010). 
 
After screening thousands genes between NP biopsies and healthy nasal mucosa 
by microarray, the network analysis data from our lab demonstrated a down-
regulation of the AP-1 transcription factor and its associated genes (COX-2, IL-
6, AREG, HBEGF, and EGR1) in patients with NP (Li et al., 2009). Moreover, 
the over-expression level in two members (p63 and p73) of the p53 gene family 
were associated with the severity of epithelial hyperplasia in NP tissues (Li et 
al., 2011). The abnormal expressions of these genes, which related to cellular 
proliferation and differentiation, are play a role in epithelial homeostatic 
defection and then induce the formation of NP. 
 
Collectively, as the results of genetic predisposition, inflammatory cells 
disorder and epithelial homeostatic defection, the epithelial remodeling 
developed as an important pathologic phenomenon in NP. Recent study 
assumed that NP is primarily an epithelial remodeling disease rather than an 
inflammatory disorder (Van Crombruggen et al., 2011). Therefore, the 





The management of NP includes: 1) drug treatment is traditionally based on the 
use of topical or systemic glucocorticosteroids (GCs); 2) surgical operation is 
trying to eradicate all NP tissues from the nasal lumen and sinuses. The aims of 
treatments are to relieve nasal blockage, restore olfaction and improve sinus 
drainage. However, the rate of recurrence is still high in patients with NP 
(Fandino et al., 2013; Tirelli et al., 2013). 
 
1.2. Nasal epithelium  
Since epithelial cell dysfunction has long been associated with NP generation, 
it is important to understand the biophysiology and pathophysiology of 
individual types of nasal epithelial cells. It may help to in-depth understand of 
NP etiology, as well as develop new therapeutic targets. Therefore, the 
biophysiology and pathophysiology in each type of nasal epithelial cells will be 
reviewed. 
 
1.2.1. Structure and bio-physiology 
The nasal epithelium is composed by four types of cell: basal cells, goblet cells 
and ciliated or non-ciliated columnar cells. Basal cells may involve into the 
epithelial repair after injury and other types of cells are more related to 




1. Basal cell 
Basal cells widely spread in the conducting epithelium. They are considered to 
play a major structural role in the respiratory epithelium for attaching to the 
basement membrane by abundant desmosome and hemidesmosome (Evans et 
al., 2001). A systematic study of distribution and contribution of cells in normal 
human lung showed that basal cells took 51% in large airway (> 4 mm ID) and 
81% in small airway (> 4 mm ID) (Boers et al., 1998). In the normal conditions, 
infrequent proliferation and differentiation of basal cells are sufficient to 
maintain the homeostasis of epithelium (Bals, 1997). The increasing evidences 
indicated that basal cells are multipotent stem cells in lower airway, which could 
balance the homeostasis of epithelium in bio-physiological status (Evans et al., 
2001; Rawlins and Hogan, 2006). The microarrays studies based on human 
airway also showed a unique pattern of human airway basal cell signatures from 
other cell types (Hackett et al., 2011). In vitro studies from both human and 
mice, the donor cells had been sorted into basal and non-basal population based 
on the surface marker (KRT5), and basal cells successfully showed their ability 
of self-renew and differentiation by using colony-forming potential, air-liquid 
interface culture and sphere culture (Dvorak et al., 2011; Hong et al., 2004; 




The more convincingly evidences from transgenic mice showed that the p63 
positive basal cells play a critical role in the development of normal airway 
epithelium (Daniely et al., 2004; Rock et al., 2009). The mice homozygous for 
an allele of p63 do not general mature basal cells in tracheal, but the genes that 
influence basal cells maturate is rare known (Crum and McKeon, 2010). All 
these evidences indicate that basal cells have the stem or progenitor cells 
function and play a critical role in airway repair. To date, there is only one study 
showed the CD151 and tissue factor (TF) positive basal cells from nasal 
epithelium could proliferate and restore a fully differentiated mucociliary 
airway epithelium (Hajj et al., 2007). This study firstly indicated that nasal basal 
cells play as multi-potential stem cells in nasal epithelium. However, the bio-
physiological mechanism under proliferation and differentiation of basal cells 
in nasal cavity is still unclear.  
 
2. Ciliated and non-ciliated columnar cell 
Columnar cell could be separated into two types based on whether they have 
cilia. The ciliated columnar cells mainly participated in mucociliary clearance 
by beating cilia. It could be easily recognized by its structure or staining with 
βIV-tubulin markers (which expressed on the cytoskeleton of cilia). On the 
other hand, non-ciliated columnar cells are usually classified as secretory cells 
and rarely studied in upper airway due to the absence of specific markers. In the 
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lower airway, non-ciliated columnar cells are named as Clara cells, which are 
considered an intermediate statue of differentiation. They could long-termly 
generate ciliated cells in normal condition, while converse to mucin-producing 
goblet cells after inflammatory response (Rock and Hogan, 2011). In this part, 
the structure, function and physiologic differentiation process (ciliogenesis) of 
ciliated cell will be reviewed. 
 
1) Microstructure and function 
Cilia are microtubule-based organelles that protrude from nearly all human cells. 
It could be divided into three parts according to their location and functions (see 
Figure 1.2). Basal body, which is transformed from centrioles, has triple 
microtubule and plays a role as “root”. The axoneme is the structural core of 
cilium with double microtubule, composing by α- and β- tubule. The structure 
between the axoneme and basal body is named as transition zone, which 
converts the triplet micro-tubular structure of basal body into the axonemal 




Figure 1.2. Three parts of cilium.  
The basal body (1-4) is composed by triplet microtubule embedded in PCM (orange). 
The transition zone (5-8) converts the triplet microtubular structure of the basal body 
into the axonemal doublet structure. The axoneme (9) is the core structure of a cilium 
which could be classified according to their ultranstruction (Fliegauf et al., 2007). 
 
Literatures broadly describe two types of cilia, which are classified according 
to their microtubule components: 9+2 eukaryotic cilia are motile for transport 
or clearance, while 9+0 cilia are immotile for sensation (see Figure 1.3). Usually, 
the 9+0 cilia are named as primary cilia. It only has one immotile cilia in each 
cell and widely spread in sensory organ such as eye, kidney and brain. 9+2 cilia, 
as well as motile cilia, are mostly located in airway epithelium with multicilium 
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in each cell. Different from primary cilium, motile cilium has dynein arms 
which are motor complexes that produce the force for bending. The dynein arms 
can be classified into outer dynein arms (ODAs) and inner dynein arms (IDAs) 
by their location. One special type of (9+0/2) kinocilium could be found in 
differentiated cells (Dawe et al., 2007). 
 
 
Figure 1.3. Ultranstructures of cilia. 
The structure of the canonical motile 9+2 axoneme and immotile 9+0 axoneme (Dawe 
et al., 2007). 
 
In nasal epithelium, motile ciliated cell with hundred cilia is one major type for 
composing the pseudostratified columnar structure, which occupied nearly 50% 
of total cells. Since nasal epithelium firstly exposed to all the environmental 
factors, including infectious agents, allergens, and air pollutions, a continuous 
flow of mucus produced by ciliated cell is essential for nasal cavity and 
paranasal sinuses clearance. Cilia length is widely considered range from 5 to 7 
μm in health nasal epithelium (Wendy Stannard, 2006). The function of cilia is 
mostly tested by cilia beating frequency, which is over a wide range of 7-15 Hz 
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from nearly identical data by using different testing system (Chilvers and 
O'Callaghan, 2000; Han et al., 2009; J.H.Sisson, 2003). The lifespan of ciliated 
cells is rarely studied, only one study in the mouse trachea and lung showed that 
ciliated cells could survive for up to 18 month in lung while half-life of 6 month 
in the trachea in vivo (Rawlins and Hogan, 2008). The morphology and function 
of cilia in airway may have deficiency caused by genetic factor (primary ciliary 
dyskinesia, PCD) or environmental factor (smoking) (Geremek and Witt, 2004; 
Leopold et al., 2009; Tamashiro et al., 2009). However, motile ciliated cell is 
rarely studied in the inflammatory diseases (e.g., NP). 
 
2) Ciliogenesis 
Generally, the ciliogenesis have three main stages both in primary and motile 
cilia: i) Initiation stage: Cells exit the mitotic cycle after centrioles duplication 
or multiplication, ii) Early stage: Free centrioles for axoneme nucleation 
migrate below the plasma membrane, dock to a ciliary vesicle, fuse with plasma 




Figure 1.4. The stages of ciliogenesis. 
After centrioles duplication or multiplication, the cells exit from normal cell cycle. 
Segregated centrioles are free from the centrosomes, and migrate below the plasma 
membrane (1-3). After docking and fusing with membrane (4), the ciliary axoneme 
start to elongate (5-6) (Reiter et al., 2012). 
 
a) Initiation stage: centrioles duplication or multiplication and cell cycle 
regulation 
In this stage, there are two important factors in the preparation of ciliogenesis: 
exist cell cycle and increase of centrioles. Once cells stop the proliferation and 
turn into the differentiation process, they need to firstly exit from normal cell 
cycle. Meanwhile, the number of centrioles controlled by cell cycle could 
determine whether these cells differentiate to recoverable primary ciliated cells 
or unrecoverable multiciliated cell. For these reasons, cell cycle regulators and 




The centrosome is a dynamic organelle and link to the major events during cell 
cycle progression. It is composed by two centrioles (mother and daughter) 
surrounded by an amorphous mass or pericentriolar material (PCM) and form 
microtubule organizing center (MTOC), which is one part of spindle 
compounds, in the mitosis phase. Centriole has a cylindrical structure composed 
of microtubule triplets which is similar to cilia. Furthermore, cilium formation 
relies on the availability of centrioles and also is supported by the specific 





Figure 1.5. The structure of centrosome and centriole. 
Centrioles are built of nine radially organized microtubule triplets surrounding a central 
core. Distal end of mature centriole (mother) carries distal (D) and sub distal (Candi et 
al.) appendages (Nogales-Cadenas et al., 2009; Sluder, 2005). 
 
Based on the tight link between centrioles and cilium, a series of researches on 
the function of centrioles related protein in ciliogenesis were carried out. After 
using proteomic analyses, few centrosome proteins (CEP) were found that could 
play a role in ciliogenesis among several hundred polypeptides (Kumar et al., 
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2013). CEP41 is mainly localized to the basal body of primary cilia, it can 
regulate the transport of Tubulin-tyrosine ligase-like protein 6 (TTLL6) for 
tubulin glutamylation in cilium (Lee et al., 2012). CEP164, which locates on 
distally appendage structures of the mature centriole, could maintain the 
formation of primary cilia (Graser et al., 2007). Another centrosome protein 
which locates at the transition zone, is named as CEP290. It is required for 
tissue-specific ciliogenesis and may regulate ciliary membrane composition and 
ciliary transport processes (Betleja and Cole, 2010). The 15% mutation of 
CEP290 in patients with retinitis pigmentosa indicated that it also may play a 
role in photo transduction proteins in retinal photoreceptor cells (Chang et al., 
2006). Recently, another centrosome protein CEP110 (also named as CP110), 
which is used to be considered to regulate cell cycle progression, is found could 
inhibit the primary cilia formation by interacting with CEP290 (Spektor et al., 
2007). The ring-like structure of CEP110 at the distal end of centriole is thought 
to play a role as a “cap”, preventing primary cilia assembly and negatively 
regulate ciliogenesis (Tsang et al., 2008). The above conclusions are mainly 
from the data of primary cilia (single), however, the studies on the function of 
centrosome protein in motile cilia (multicilium) are rare. Since the development 
of motile cilia (multicilium) and primary cilia are quite different, the centrosome 
protein may play a distinct role in multicilium. CEP63 and CEP152, which are 
not reported that participate in primary cilia development, showed to promote 
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multiciliogenesis by regulating centrioles multiplication in mouse trachea (Zhao 
et al., 2013). 
 
Some centrosome protein could not only regulate the number of centrioles but 
also the progress of cell cycle. Most of them participate in the mitotic progress 
and cytokinesis by regulating G2/M transition or spindle assembly, such as 
CEP45, CEP55, CEP57, CEP63, CEP78, CEP97, CEP164 and CEP192 (Kumar 
et al., 2013). According to them, CEP110, as well as CP110, shows a more 
complicated role on each stage of cell cycle and regulates different aspects of 
centrosome function, including centrosome over-duplication, centrosome 
separation, cytokinesis and cilia assembly (see Figure 1.6) (Tsang and Dynlacht, 
2013). Although the localization of CP110 is illustrated both in cell cycle stages 





Figure 1.6. The role of CP110 in cell control and cilia.  
CP110 and its network of partners form distinct complexes that regulate different 
aspects of centrosome function, including centrosome over-duplication, centrosome 
separation, cytokinesis, and cilia assembly. The localization of CP110 is also illustrated. 
PM denotes plasma membrane (Tsang and Dynlacht, 2013). 
 
Because the centrosome proteins could involve both in the replication or 
multiplication of centrioles and cell cycle, the ciliogenesis could also be 
indirectly regulated by cell cycle regulator though controlling the progress of 
cell cycle. 
 
As described in Figure 1.7, primary cilia can be formed in G0/G1 phase and the 
beginning of the S phase, which are before the centrioles organize the mitotic 
spindle. Moreover, they could be resorbed before S phase or during G2. Prior 
to cells form a primary cilium, the centriole pair duplicates once per cycle at S 
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phase and mature later. This process is cell cycle related (Nogales-Cadenas et 
al., 2009). 
 
Figure 1.7. Centriole duplication and segregation cycle.  
After centrioles duplication during interphase, cilia are formed by segregated centriole 
and elongated at G0 phase. However, the primary cilia could be resorbed and back to 
normal cell cycle (Nogales-Cadenas et al., 2009). 
 
However, the formation of multicilium is much more complicated (see Figure 
1.8) as compared to other ciliogenesis pathways (e.g., primary cilia). Its 
differentiation is often independent of the pre-existing centrioles. Most studies 
indicate that centriole multiplication occurs in multiciliogenesis by centriolar or 
acentriolar pathway. In the acentriolar pathway, centrioles amplify de novo 
without a mother centriole. While in centriolar pathway, centrioles amplify 
(more than two) with a mother centriole (Nigg and Raff, 2009). The purpose of 
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these two pathways is to increase the number of centrioles and form hundreds 
of basal body for multiciliogenesis. There are two importance cell cycle phases 
for centrosome over duplication: S phase and G2 phase (Bettencourt-Dias et al., 
2011; Nigg and Raff, 2009). Therefore, the cell cycle regulators in these phases 
were studied in order to reveal the process of ciliogenesis both in primary cilia 
or multicilium. 
 
Figure 1.8. De novo centriole formation.  
The dividing cell can give rise to one cell with normal centriole numbers and another 
that lacks centrioles. Both continue to progress through the cell cycle with normal 
kinetics. When the cell without centrioles enters S phase, multiple aggregates of centrin 
(procentriole-like structures; small green cylinders) form. These precentrioles 
transform into morphologically complete centrioles (large green cylinders) by the time 
the cell enters its first mitosis. However, de novo formed centrioles do not mature 
centrosomes until the ensuing G1 phase in the second cell cycle. As cell enters the S 
phase of the second cell cycle, de novo formed centrioles duplicate and normal 




To date, Cyclin-dependent kinases (CDK), which are cell cycle regulators, are 
reported to involve in the ciliogenesis. CDK1 activity increases in G2 phase, 
and regulates a various molecules for entry into mitosis. It may involve into the 
centrosome maturation and separation. An antagonist of CDK1, Cdc14b had 
found to be essential for proper ciliogenesis in zebra fish. (Clement et al., 2011). 
The centrosome duplication occurs from G1 to S phase requires the activity of 
complexes cyclin E- CDK2. Hence, CDK2 activity might be necessary for 
speeding up procentriole formation and elongation (Matsumoto et al., 1999; 
Meraldi et al., 1999). The bi-allelic null mutations in gene of CDK5 regulatory 
subunit associated protein 2 (CDK5RAP2) may cause ‘autosomal recessive 
primary microcephaly’ (MCPH), and further reduce the brain growth (Thornton 
and Woods, 2009).  
 
During multiciliogenesis, extra centrosomes can force cell to undergo a 
multipolar intermediate during spindle assembly (Bettencourt-Dias et al., 2011). 
Hence, the spindle complex proteins, which be regulated during mitosis, are 
also considered to play a role in ciliogenesis, especially in multicilium 
development. The spindle assembly abnormal proteins five and six (SAS5 and 
SAS6) are needed to form a structure in defining the centriole nine fold 
symmetry (Bettencourt-Dias and Glover, 2007; Nigg and Raff, 2009). Many of 
the MCPH proteins shows to involve in spindle positioning, suggesting the 
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impairment of spindle formation is critical for ciliary disease development 
(Bettencourt-Dias et al., 2011). Additionally, the spindle checkpoint regulator 
BubR1 was found to be required for primary cilium formation in fish and 
humans (Miyamoto et al., 2011). Moreover, TAp73, which is belonged to p53 
gene family, was found to regulate the spindle assembly checkpoint by 
modulating BubR1 activity (Tomasini et al., 2009). Although, TAp73 mainly 
regulates cell apoptosis (Ramadan et al., 2005) and had no data to show its direct 
relation to ciliogenesis, one study reported that it has been specifically detected 
in human airway ciliated columnar cells (Kumar et al., 2011).  
 
Above evidences inhibit that cell cycle progression may promote the increase 
of centrioles and transform them into basal bodies. The ciliogenesis could be 
controlled by the proteins, which regulate centrosomes in each stage of cell 
cycle. Since studies of centrosomes in ciliogenesis mostly rely on animal model 
such as Drosophila, Zebrafish and mice, the information of centrosomes in 
ciliogenesis, especially multiciliogenesis in human, is limited.  
 
b) Early stage: free centrioles migration, fusion, and basal body formation 
In the early stage of ciliogenesis, the following steps participate into the 
formation of cilia: centrioles maturation, migration, dockage and fusion. In 
order to get free centrioles and fuse with the plasma membrane, centrosomes 
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contained a mature mother with a variety of distal and subdistal appendages are 
necessary. In primary cilia, one centrosome with mother and daughter centrioles 
could form one cilium by interacting with a post-golgi vesicle (Sorokin, 1962). 
CEP164, located in the distal appendages, are thought to correspond to the 
maturation of mother centrioles (Graser et al., 2007). Whereas, more free and 
mature centrioles are needed for basal bodies formation in multicilium. 
However, the process of hundreds basal body formation in multiciliogenesis is 
still unclear. Yong et al. had reported that CP110 corresponded to the open end 
of the centrosome tube and associated with maturation of a daughter centrosome 
into a mother centrosome in PtK2 cells (Ou et al., 2002). Foxj1 (HFH4), a 
member of the forkhead/winged-helix family of transcription factors, has been 
proved that it is a master regulator of the motile ciliogenesis programme in 
Zebrafish and Xenopus. Stubbs and his group showed that Foxj1 could splice 
the interconnecting fiber between mother and daughter centrioles (Stubbs et al., 
2008). From these evidences, one could assume that hundreds maturation single 
centrioles may be accumulated for basal body formation in multiciliogenesis 
under the regulation of proteins, such as CP110 and Foxj1.  
 
Another important step is migration. According to the researches in the last 
decade, contractile actin, meckelin, nesprin-2 and rho-GTP binding protein 
p160ROCK were found to be essential for basal body migration by interacting 
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with Cytoplasmic actin stress fibers (Chevrier et al., 2002; Dawson et al., 2007; 
Pitaval et al., 2010). The increasing evidences show that basal body position 
and orientation is important for coordinating beating of cilia. The drug 
(cytochalasin D) or transcription gene (e.g., Foxj1), changed space between 
basal body or increase the density of cilia in individual cells may alter ciliary 
orientation (Werner et al., 2011; You et al., 2004).  
 
The docking and fusion steps are required other centrosomal proteins including 
CEP290, Ofd1 and Odf2 (Garcia-Gonzalo et al., 2011; Ishikawa et al., 2005; 
Singla et al., 2010). Brody et al reported that Foxj1-null mice fail to form cilia 
due to the defection of basal body docking (Brody et al., 2000). According to 
the above literatures, any error steps occur in this stage may lead loss or impair 
cilia. Furthermore, the improper space of basal body location may influence the 
coordination of beating cilia. 
 
c) Late stage: elongate the ciliary axoneme 
The final stage of ciliogenesis is elongation, which forms axoneme by 
assembling tubulin proteins from base to the tips. This process is also named as 
intraflagellar transport (IFT) (Kozminski et al., 1995). IFT could be divided into 
two complexes, A and B. Complex A with dynein 2 could participate in 
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retrograde movement, while complex B depended on kinesin-2 is associated to 
anterograde movement for axoneme assembly (Cole et al., 1998). 
 
As shown in Figure 1.9, IFT-A, IFT-B complexes and other proteins firstly 
gather at the base of cilium. Activated kinesin-2 connected to IFT-B transports 
the IFT complexes from base to the tip, and this step is called anterograde 
transport. After they reach the distal end, the axonemal cargo proteins, such as 
tubulin and IFT particles, are released to the ciliary tip compartment. The 
retrograde transport occurs after cytoplasmic dynein 2 activated, IFT complexes 
are transported from tips to the bottom. This process could elongate the length 
of cilium (Morga and Bastin, 2013). The failure in IFT may cause polycystic 
kidney disease and Bardet-Biedl syndrome. Blacque et al found that mutations 
in bbs-7 and bbs-8 genes, which have similar function like IFT in 
Caenorhabditis, cause structural and functional defects in cilia (Blacque et al., 
2004). Later, a group found that these two genes are required to stabilize 
complexes of IFT particles (Ou et al., 2005). Another study based on screening 
688 genes and found a novel gene for Bardet-Biedl syndrome, BBS5, related to 
human ciliation disorders (Li et al., 2004). A study from Pazour’s group found 
the mutation of IFT88 in chlamydomonas may defect the primary cilia assembly, 
as well as the homologue Tg737 in mouse (Pazour et al., 2000). Other proteins 
such as Foxj1 and fibroblast growth factor (FGF) could also involve in the 
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elongation of cilium by regulating IFT proteins (Cruz et al., 2010; Neugebauer 
et al., 2009).  
 
Figure 1.9. Model of IFT. 
1) Accumulation of IFT proteins at basal body, 2) anterograde transport, 3) Release of 
IFT proteins’, 4) retrograde transport (Pedersen and Christensen, 2012).  
 
As a minor conclusion, each stage in ciliogenesis is important in ciliary 
formation. The mutation or defection of proteins involved in each stage may 
cause the impairment of cilia and further result diseases. Although many human 
diseases showed the relationship to ciliary dysfunction, the mutation of ciliated 
related protein in airway inflammatory disease is still unclear. 
 
3. Goblet cell 
As another important type of columnar cell in airway, goblet cells secrete mucus, 
which constitutes a thin layer of airway surface, could protect the airway 
through mucociliary clearance of inhaled foreign particles and noxious 
chemicals. Under normal condition, goblet cell proliferation and differentiation 
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contributes to maintain the tight balance of airway epithelial cell population 
(Rogers, 1994). This part reviews the current knowledge about the mucus 
production and goblet cell differentiation. 
 
1) Mucus production 
Mucus is one of the crucial part for effective mucociliary clearance. It is 
secreted by submucosal glands, goblet cells, lacrimal secretion and vascular 
transudate. The mucus include two layers: the upper layer named as high-
viscosity gel layer is used to trap the foreign particles, while the lower layer 
named as periciliary liquid layer have a lower viscosity in order to conductive 
to cilia beating (Fahy and Dickey, 2010; Knowles and Boucher, 2002; Livraghi 
and Randell, 2007). Overproduction and increased viscosity of mucus are 
usually correlated with disease severity in chronic rhinitis. Consequently, the 
drugs which could reduce the viscosity have been proposed as therapeutic 
agents (Fokkens et al., 2012). 
 
The major component of mucus is a family of high molecular weight, heavily 
glycosylated proteins named Mucin (Marin et al., 2008). The mucins family can 
be classified into two groups by their location. One group is secreted by 
epithelial cells and formed the gel layer. Another is embedded in the epithelial 




According to all secretory mucins in normal airways, MUC5AC and MUC5B 
are the major components of secretory mucins for forming the mucus gel 
(Thornton et al., 2008). MUC5AC is produced by goblet cell for facilitating 
general mucociliary clearance, while MUC5B is mainly secreted by submucosal 
gland and more relevant to the clearance of specific pathogens or airway 
irritants (Thornton and Sheehan, 2004; Wickstrom et al., 1998). In some 
diseases, including COPD, CF and asthma, MUC5AC was found to elevate in 
the airway (Caramori et al., 2009). However, the change of MUC5B in these 
diseases is contradictory in different studies (Evans et al., 2009; Thornton and 
Sheehan, 2004; Young et al., 2007).  
 
Compared to the mucociliary clearance of secretory mucins, membrane-
tethered mucins are involved in assorted functions, including controlling cell 
differentiation and proliferation. In the airways, MUC1 and MUC4 are the 
predominant membrane-tethered mucins. Among these two mucins, MUC1 is 
not only expressed on the surface of secretory epithelia but also on some 
hematopoietic cells (Chang et al., 2000; Gendler, 2001). It could stimulate cell 
proliferation via epidermis growth factor receptor dependent mechanisms 
(Schroeder et al., 2001). The study on CFTR knockout mouse model of CF 
implicated that Muc1 may contribute to the accumulation of mucus and 
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suppress immune response (Hattrup and Gendler, 2008). Muc1 null mice had 
defects in the T cell development, natural killer and dendritic cells, indicating 
Muc1 plays a role in differentiation of bone marrow progenitor cells (Gendler, 
2001). Studies in airway reveal that Muc1 could promote airway remodeling 
and mucous cell differentiation by stimulating epithelial-mesenchymal 
transition (EMT) or disrupting intraepithelial cell adhesion in chronic 
inflammatory diseases (Ishikawa et al., 2011a; Ishikawa et al., 2011b). It is 
reasonable to predict that overexpression of MUC1 may contribute to airway 
pathological change. MUC4 is an inter-membranous ligand for EGF receptor, 
ErbB2, and participates in regulating cell proliferation and growth (Carraway et 
al., 2009). Fischer’s group demonstrated that MUC4 can be regulated after 
exposing to neutrophil elastase (Fischer et al., 2003). However, the function of 
other membrane-tethered mucins, such as MUC16, are still unclear. 
 
2) Differentiation 
Under normal physiological condition, the surface of airway epithelium 
presents few goblet cells and mucus secretion. Therefore, the information of 
goblet cell differentiation is mainly obtained from the studies in the intestinal 
stem cells. Evidences from intestinal studies demonstrates that Notch signaling 
pathways appear to play an important role in regulating the colonic stem cell 
differentiated into secretory lineage (Fre et al., 2005; Pinto et al., 2003). Some 
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of the Notch downstream targets (Hes1, Math1) showed that they could regulate 
progenitor cells differentiating into goblet cells rather than other lineage (Jensen 
et al., 2000; Yang et al., 2001). Although there is no research to show the 
differentiation process of goblet cells in human airway, the close correlation 
between goblet cell hyperplasia or metaplasia (GCH or GCM) and mucus 
overproduction after response to acute or chronic injuries could indirectly 
indicate the development of goblet cells (Rose and Voynow, 2006). As 
displayed in the Figure 1.10, after acute attack (bottom right), the hypersecretion 
of mucins from surface goblet cells could return to baseline levels (top) 
following reestablishment of airway homeostasis. However patients with 
chronic airway disease (bottom left) typically manifest goblet cell hyperplasia 
due to airway remodeling by inflammatory or immune response mediators.  
 
Figure 1.10. Response of airway goblet cells to acute or chronic injuries.  
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(Rose and Voynow, 2006).  
 
The increase in the percentage of goblet cells could be regulated by two ways: 
selective cellular proliferation (GCH) or cell transdifferentiation (GCM). Most 
studies from lower airway agree that the front one plays a minor role, while 
transdifferentiation is thought as the main mechanism in epithelial remodeling 
in disease (Boucherat et al., 2013; Shimizu et al., 1996). Transdifferentiation is 
a process from one specific differentiated cell type transforms into another type 
of differentiated cells. As we mentioned in the above section, non-ciliated 
columnar cell could long-term differentiate into ciliated cell in normal airway, 
while it may transdifferentiate into goblet cells by activating Notch signaling 
pathway or stimulating by inflammatory cytokines. Few studies from lower 
airway supports this notion that goblet cells may derive from ciliated cells. After 
inducing goblet cell metaplasia by Sendai virus, a subpopulation of epithelial 
cells co-expressing βIV-tubulin (ciliated cell) and MUC5AC (goblet cell) could 
be detected in mice lower airway (Tyner et al., 2006). Another group found that 
the progenitor cell exhibited ciliated cell marker Foxj1 could transdifferentiate 
into goblet cell after IL-13 stimulation in human bronchial epithelial cells 
(Turner et al., 2011). The study in allergic rhinitis murine models also appeared 
transdifferentiation from ciliated cell to goblet cells by down-regulating Clara 




Figure 1.11. Signaling events in goblet cell metaplasia. 
Signaling events reported in lung epithelial cells and leading to goblet cell metaplasia 
and mucin expression (Boucherat et al., 2013). 
 
Based on these studies, many molecular mechanisms excluding Notch signaling 
pathway are found to lead goblet cell transdifferentiation, such as Th2 cytokines 
(e.g., IL-13), transcription factor (e.g., NF-κB, FoxA2) and epidermal growth 
factor receptors (EGFR) (see Figure 1.11) (Boucherat et al., 2013). Due to the 
difficulties in culturing human nasal epithelial stem cells in vitro, the regulation 
of above factors is less well understood in upper airway of human. 
 
1.2.2. Epithelial impairment in NP  
As we mentioned in the previous sections, the epithelial remodeling marks a 
symbolic pathohistologic change in NP. Correspondingly, the basal cell, ciliated 
cell and goblet cell in NP could show impair patterns. Although the abnormal 
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structure or function of these types of cells were studied in other inflammatory 
diseases in lower airway, their information is rare in NP. In this section, the 
pathologic changes of these cells in airway diseases will be described 
accordingly.  
 
1.  Basal cell hyperplasia 
Usually, the turnover of respiratory epithelium is slow because of the steady-
state of basal cells. However, this homeostasis may be interrupted by injury or 
environmental factors. Studies from lower airway demonstrate that 
dysregulation of basal cells after environmental stimulation (e.g., smoke) 
resulting epithelial disorders may lead chronic airway disease (Ryan et al., 2014; 
Shaykhiev and Crystal, 2014; Shaykhiev et al., 2013). On the other hand, the 
genetic predisposition may also lead an abnormal proliferation of basal cells 
with minor stimulation. Voynow et al. found that basal-like cells are the main 
constitution of proliferation cell population in cystic fibrosis airway (Voynow 
et al., 2005). In the chronic inflammatory disease in lower airway (e.g., COPD), 
the population of basal cells could increase in respiratory epithelium and further 
develop into squamous metaplasia (Giangreco et al., 2012; O'Koren et al., 2013; 
Puchelle et al., 2006). Recent data from Rock’s laboratory suggests that 
asymmetric division of basal stem cells is dependently regulated by Notch 
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signal pathway (Rock and Hogan, 2011; Rock et al., 2010). However, the 
impairment of basal stem cells is rarely studied in NP. 
 
Our previous study found that p63 positive basal cells were over proliferated in 
nasal epithelium from NP, and this could be reversed by GC treatment (Li et al., 
2011). This study indicates that a deeper understanding of basal stem cells may 
enhance our efforts to design specific and effective therapies for epithelial 
remodeling in NP.  
 
2. Ciliated cell impairment 
As one important element of mechanical barrier, mucociliary clearance is 
thought to be breakdown and permit foreign proteins to stimulate an immune 
response in patients with NP. According to all components involved in 
mucociliary clearance, ciliated cell impairment is one of the causes which may 
lead mechanical barrier disruption in inflammatory diseases. Poorly ciliated 
mucosa is a common finding in the metaplastic epithelium in patients with NP 
(Gudis et al., 2012; Toskala et al., 1995). Based on different pathogenesis, 
ciliated cell impairment can be divided into two types. Primary ciliary 
impairment is usually associated with genetic predisposition and results a series 
of systematic disease, including primary ciliary dyskinesia (PCD) and cystic 
fibrosis (CF). The secondary ciliary dyskinesia may closely relate to 
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stimulations, including environmental toxins and inflammation, and is probably 
reversible (Al-Rawi et al., 1998; Fokkens et al., 2012). 
 
PCD, as well as immotile ciliary syndrome, is a ciliopathic and genetic disorder 
that cause cilia defection and link to chronic recurrent respiratory infections, 
including sinusitis, NP, bronchitis, pneumonia and otitis media. The prevalence 
of PCD is difficult to determine due to inadequacies of diagnostic methods 
(Leigh et al., 2011). The diagnose of PCD is mainly relied on the abnormal 
ultrastructure of ciliary, including the absence or shortening of ODAs, defection 
of conjunction between ODAs and IDAs, and IDAs defection (Leigh et al., 2011; 
Shoemark et al., 2012). Early study by transmission and scan electron 
microscopy reported that 15% of PCD patients accompanied NP in Korea (Min 
et al., 1995). Another study traced two Chinese PCD cases with defection of 
dynein arm and found one of them had recurrence of NP after 1-year follow-up 
(Zhou et al., 2001). Nevertheless, these abnormal ultrastructure of cilia can’t be 
observed in all PCD patients, because there is as many as 30% of patients with 
other PCD symptoms (such as situs inversus) may have normal ciliary 
ultrastructure and waveform (Papon et al., 2010; Shoemark et al., 2012). The 
immotile cilia in the patient with PCD accompanied by NP have been reported 
to have twice in length but normal cross-sectional appearance in one reported 
case (Afzelius et al., 1985). A UK group found that NP didn’t occur in children 
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with PCD. This study also pointed out that NP may be a consequence after long 
history of respiratory infection caused by PCD (Rollin et al., 2009). Therefore, 
it’s difficult to identify whether NP is caused by PCD or its subsequent infection. 
To date, the gene mutations in PCD (e.g., DNAH5 and DNAl1) have rarely 
studied in NP. Another hereditary disease with ciliary malfunction, named CF, 
has been discussed in NP in the previous section. 
 
The environmental stimulation is a major risk factor for secondary ciliary 
dyskinesia. Many evidences from upper airway demonstrates that smoking can 
cause nasal ciliary dyskinesia by affecting the beat frequency, changing the 
ultrastructure, and shorting the length (Stanley et al., 1986; Tamashiro et al., 
2009; Zhou et al., 2009). Other chemical toxins such as formaldehyde, sulfuric 
acid are reported to cause the loss of human nasal cilia after long-time exposure 
(Edling et al., 1987; Rautiainen et al., 1991). Common cold can also cause the 
ultrastructural changes in human nasal cilia (Rautiainen et al., 1992). Therefore, 
environmental toxins have the potential to trigger epithelium damage, in 
principle, accentuate airway inflammation. In inflammation, cytokines released 
by inflammatory cells can also contribute to the ciliary impairment in NP. IL-9 
and IL-13 are most commonly reported to alter mucociliary differentiation of 
human airway epithelial cells (Parker et al., 2013; Skowron et al., 2003). Data 
from human airway epithelium showed IL-9 can result in goblet cell hyperplasia 
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on injured epithelial cells (Parker et al., 2013; Vermeer et al., 2003). One of Th2 
cytokines, IL-13 may inhibit the expression of Foxj1 and promote goblet cells 
differentiation by activating Notch pathway in human airway epithelium 
(Gomperts et al., 2007; Guseh et al., 2009). CEP110, the negative regulator of 
primary ciliary maturation, increase in mucosa form NP. Additionally, in vitro 
experiments showed that IL-13 combined with other pro-inflammatory 
cytokines regulate CP110 expression levels and subsequently inhibit 
ciliogenesis (Lai et al., 2011). All of these evidences prove that pro-
inflammatory cytokines may cause dramatic loss of the ciliated cells and tightly 
link to squamous metaplasia in NP. However, no research study focus on 
whether ciliary impairment occurs in the hyperplasia epithelium in NP. From 
our previous study, TAp73, which is expressed in the nuclear of ciliated cell, 
increased in NP patients with epithelial hyperplasia (Li et al., 2011). This result 
suggests that hyperplasic epithelium in NP may have the ciliary pattern different 
from those in squamous metaplastic epithelium. 
 
3. Goblet cell hyperplasia and metaplasia 
In NP, microbial pathogens and host response molecules may drive epithelial 
remodeling by increasing goblet cell numbers or size (Yan et al., 2013). 
However, the information of precise pathological mechanisms that regulate 
goblet cell hyperplasia in NP is limited. The studies on mucins found a high 
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expression of secretory mucins (MUC5AC and MUC5B) both in mRNA and 
protein level in biopsies from NP (Ding and Zheng, 2007; Martinez-Anton et 
al., 2006). However, the membrane-tethered mucins such as MUC1, 4 and 6 
showed a large various between individuals in NP (Ali et al., 2005). Since the 
membrane-tethered mucins don’t have the specific location in goblet cells, it’s 
difficult to determine whether the change of membrane-tethered mucins is only 
related to the goblet cell hyperplasia.  
 
Since goblet cell hyperplasia and epithelial remodeling in NP are dynamic 
process, the studies based on tissue section or mRNA could not reflect the real 
response of goblet cells after stimulation. One study used isolated epithelial 
cells from nasal polyp to test the mucin gene expression after dust stimulation, 
and found that mucin gene increased in low dose stimulation while declined in 
the high dose (Kim et al., 2011). This suggesting that goblet cell hyperplasia 
could balance the homeostasis in a certain degree, however imbalance when it 
is overburden. In this case, the studies of nasal epithelial stem cell 
differentiation may help to dynamically reveal the mechanisms of goblet cell 
hyperplasia in NP. However there is no stable stem cell model for nasal 




1.2.3. Update in research 
1. In vivo studies 
From our previous in vivo studies, the epithelial remodeling in NP could be 
suppressed by GCs treatment though upregulating the AP-1 (especially c-Jun) 
network and its related genes (Li et al., 2009), downregulating the expression 
of epithelial basal cell marker p63 (Li et al., 2011) and upregulating the 
epithelial membrane protein EMP1 (Yu et al., 2013). However, T cell driving 
NP inflammatory mediators could resist to the effect of GC treatment (Li et al., 
2012). These evidences from our lab, as well as those from literature reviews, 
suggest that epithelial remodeling is key point in the development of NP. The 
studies in the physiology and pathophysiology of nasal epithelial cells will help 
to understand the etiology of NP and develop new therapies.  
 
2. In vitro studies 
The studies reviewed above demonstrate that airway epithelium is one of the 
mainly players in nasal diseases, especially in NP. However, it is difficulty to 
clarify whether the epithelial remodeling in NP is caused by intrinsic or 
environmental factors. Compared to in vivo studies, cell models have 
advantages such as more flexibility to control of experimental conditions, easier 
operability for molecular mechanism analysis, and greater opportunities for 
environmental factors stimulation. For these reasons, cell model is an attractive 
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approach in the research on nasal epithelium. In this section, the cell model for 
nasal epithelial and its applications will be reviewed. 
 
Monolayer culture method is the first model applies in nasal epithelial studies. 
In 1985, R.Wu and his group firstly built a serum-free medium for culturing 
monolayer nasal epithelial cells (R.Wu, 1985). According to their study, the 
important elements for culturing human nasal epithelial cells were well 
described. Ham’s F12 medium supplemented with insulin, transferrin, EGF, 
hydrocortisone, Triiodothyronine (T3), and cholera toxin (CT) could support 
the growth of human nasal epithelial cells in vitro. Among these compounds, 
insulin and CT are essential for epithelial cell growth, hydrocortisone, EGF, 
transferrin and T3 are used as the stimulatory for epithelial cell growth. The 
most important factor for maintaining the undifferentiated characteristics of 
nasal epithelium is free of serum. They also found that the colony-forming 
efficiency of these primary cells is approximately 5% in this medium. The 
development of necessary elements for nasal epithelial cells survival in vitro in 
this model provides the information for continuing studies on establishment of 
nasal epithelial culture model.  
 
However, human nasal epithelial cells from monolayer culture lose their cilia 
and mucous granules within one week. For this reason, the monolayer culture 
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are mostly used for testing drug permeability or transport rather than 
investigating the pathological mechanism (Ute Werner, 1995). Although nasal 
epithelial cells could survive in this culture model, it is difficult to simulate the 
in vivo structure of nasal epithelium (pseudo-stratified epithelium). One study 
demonstrated that the nasal epithelial cells from NP became squamous and lost 
their cilia within two to six weeks in monolayer cultures while cilia reappeared 
after changing in suspension cultures (Jorissen et al., 1989). This study indicates 
that without closely mimicking the characteristics of in vivo, it is hardly to 
identify if the responses of the cells in the monolayer culture are caused by 
disease or cell morphological change.  
 
In 1994, the air-liquid interface (ALI) culture system was started to apply in 
human bronchial epithelial cells and successfully differentiated into cilia and 
goblet cell (de Jong et al., 1994). The air-liquid interface culture system mimics 
in vivo environment by seeding and differentiating cells on a surface which 
could contact with both air and liquid medium. The culture is maintained with 
culture medium only on the basolateral surface, and the apical surface is 
exposed to air. This in vitro airway culture model has polarized epithelial cells 
with tight junctions and the pseudo-stratified structure with at least three 
differentiated cell types, providing a new approach for studying the 
pathogenesis of environmental and genetic diseases in airway. When studying 
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the absorption of drugs in nasal epithelium, researchers found that the cells from 
monolayer culture had lower transepithelial electrical resistance than those from 
ALI culture (Sarmento et al., 2012). Thus, ALI culture conditions seem to be an 
appropriated and more reliable in vitro model for nasal epithelial studies. After 
this system turning into commercialization production, studies in airway disease 
starts to use nasal epithelial primary cells cultured in this system for 
pathogenesis analysis.  
 
The protocol which is widely used to harvest and develop primary cultures of 
differentiated human airway epithelia from airway (e.g., lung, NP and turbinate) 
is described as following. The epithelial cells are enzymatically dissociated 
from airway tissue and seeded on cell culture flasks. After expanding the 
epithelial cells in the mix cells cluster including inflammatory cells, submucosal 
glands and fibroblasts by using monolayer culture method. The harvest cells 
will transfer into ALI culture and form a pseudo-stratified epithelium (Wise, 
2002). This in vitro model is applied in many studies in nasal epithelium in order 
to investigate whether NP has intrinsic problem. Study from Yeh showed that 
specific protein expressed after stimulating primary cell from nasal polyp in air-
liquid interface with inflammatory mediator (Sachse et al., 2010). This study 
proved that both genetic and environmental factors may initiate disease. 
Coincidentally, Lai Y used air-liquid interface modal and showed ciliogenesis 
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intrinsic difference expression in primary cell from healthy and nasal polyp 
patient. This study indicates the genetic distinct in nasal polyp. Although their 
results seem quite convincible, the primary cells which contained inflammatory 
cells or mediator inside may weak their conclusion. Therefore, the role of nasal 
epithelium in disease is still unclear without purify the influence of 
inflammatory cells or mediator. 
 
3. Epithelial stem or progenitor cell research in airway 
According to the limitations of above studies, the ideal cell model for nasal 
epithelium should simulate the pseudo-stratified epithelium structure with three 
different cell types and separate from the influences of other cells such as 
macrophages, fibroblasts, and inflammatory cells. It is ideal if there is any 
method that could separate the pure epithelial cells with stem or progenitor cell 
properties (e.g., self-renewal and differentiation) from extraneous 
environmental influences. In that case, both physiological and pathological 
developments of nasal epithelial cell proliferation and differentiation could be 
well studied. 
 
In the current researches, the definitions of adult stem cells and progenitor cells 
are ambiguous. In most in vivo studies in neural stem cell region, the strict 
definition of stem cell is based on two functional properties: a seemingly 
54 
 
unlimited capacity for self-renewal and the ability to generate multiple mature 
neural cell types. By contrast, progenitors are proliferative cells with a limited 
capacity for self-renewal and often unipotent (Potten and Loeffler, 1990; Weiss 
et al., 1996). Nevertheless, the criteria of stem cells by studies in vitro are 
different from those in vivo. A study in neural region uncovered proliferative 
progenitor cells from diverse perinatal brain regions illustrated that, although 
these cells maintain their multipotentiality for the first few passages, this 
property is lost after a relatively short time in vitro (Seaberg and Van Der Kooy, 
2001). In the strict criteria of stem cells in vivo, these cells are defined as 
progenitors rather than stem cells. However, one question of the in vitro criteria 
for stem cell is how much self-renewal is sufficient for a cell to be called a stem 
cell? Additional, cell properties clearly change over time in vitro. In that case, 
the evolving view of stem cell potentials posit that ‘a stem cell most accurately 
refers to a biological function that can be induced in many distinct types of cells, 
even differentiated cells’ (see Figure 1.12) (Blau et al., 2001; Seaberg and van 




Figure 1.12. Comparison of two conceptual views of stem cells.  
Two schemes of a cell’s propensity to functionas a stem cell as it progresses down 
differentiation pathways are shown. Stem cell potential is indicated by the intensity of 
color in the lateral triangular diagrams. Traditionally stem cells have been viewed as 
reaching a point of no return, an irreversible switch (left). The evolving view is that 
cells have a recruitable but decreasing propensity to act as stem cells as they 
differentiate (Blau et al., 2001). 
 
There are many strong evidences from both in vitro and in vivo studies, 
demonstrating that basal cell is multi-potent airway stem cells in nasal 
epithelium (mentioned in section 1.2.1). These studies provided the possibility 
to build up airway stem cells in vitro by isolating basal cells expressed stem cell 
markers, including p63 and KRT5. The proliferation feature can be measured 
using an in vitro colony-forming efficiency (CFE) assay and doubling time in 
airway epithelial stem or progenitor cell cultures (Randell, 1992). After 
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isolating airway epithelial cells, they were seeded into culture plate at a certain 
number. The formed cloning number and cells in each clone could be calculated 
and traced for several days. Using CFE and doubling time as index, Schoch and 
his group defined a subset of basal cells in mouse tracheal epithelium with the 
capacity to generate large colonies, suggesting they are derived from stem cells 
(Schoch et al., 2004). They also found a high KRT5 expression tracheal 
epithelial cells revealed a greater colony-forming efficiency than those with low 
KRT5 expression group (Borthwick et al., 2001). As another index of airway 
epithelial stem or progenitor cells, differentiation ability also need be evaluated. 
Over the past decades, several widely acceptable methods have been developed 
and used to characterize the differentiation property of adult airway stem or 
progenitor cells. Comparing to other methods, such as localization of label-
retaining cells and retroviral tagging of epithelial cells seed into xenograft, air-
liquid interface cultures with clonal proliferative cells are considered to be a 
flexibility and easier operability method. Therefore, this method is widely used 
for evaluating the differentiation properties of adult airway stem or progenitor 
cells (Liu et al., 2006). 
 
Different from upper airway, lower airway could harvest abundant cells by 
generating pulmonary epithelial stem cells from embryonic stem cells or 
pluripotent stem cells (Wong and Rossant, 2013). The epithelial cells from 
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small organs with less cells such as cornea and middle ear are usually cultured 
with 3T3 as a feeder layer (a murine fibroblast cell line), in order to expand the 
cell number, inhibit the growth of human mesenchymal cells and maintain the 
undifferentiating status of epithelial stem or progenitor cells (Meyer-
Blazejewska et al., 2010; Nakamura et al., 1993). Lechner and his group found 
that clonal growth of secondary cultures for human bronchial epithelial cells 
could be optimized by co-culturing with mitomycin C growth-arrested 3T3 
mouse feeder cells (Lechner et al., 1981). Another study of nasopharyngeal 
epithelial cells developed a culture method showed longer periods culture with 
largely free from contaminating human fibroblasts after utilizing 3T3 
fibroblasts (Thompson et al., 1983). Furthermore, comparing to the tracheal 
xenograft method which is supported by mesenchymal cells, the cells expanded 
by monolayer method have less efficient differentiation rate of ciliated and 
goblet cell types after transferring into ALI culture. This study indicates the 
decrease of differentiation ability without the support of mesenchymal cells. 
The important role of mesenchymal cells may help to maintain the 
undifferentiation status of epithelial stem or progenitor cells (Engelhardt et al., 
1995). 
 
The knowledge from above cell models makes it possible to build nasal 
epithelial stem cells model for NP pathogenesis study. There was one study that 
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isolated basal cells from nasal biopsies based on CD151 and Tissue factor by 
flow cytometry. The detached basal cells could reform a fully differentiation 
into pseudo-stratified structure with three types of cells in air-liquid interface 
cultures (Hajj et al., 2007). However, there are remaining unknown factors 
including stem cell clonogenicity, differentiation and responds to stimulation in 
nasal epithelium from both healthy control and NP. After developing the nasal 
stem cell model, it will help to further investigate the nasal epithelial 
physiological and pathological changes underlying self-renewal, proliferation, 
and differentiation. In conclusion, idea could be better developed by stem cell 
culture in the air-liquid system to understand the cause and effect of nasal 





Chapter 2. Objectives of this study 
2.1. Research questions 
It was discussed in chapter 1 that the pathogenesis of NP is still unknown. As 
cell models can be useful for investigating the pathogenesis of NP, many 
researchers have tried to establish nasal epithelial cell models. These cells are 
expected to inherit nasal epithelial cell characteristics, to separate from other 
kinds of cells, and to simulate the pseudostratified structure. As shown in the 
review section, current cell models for the nasal epithelium have advantages 
and disadvantages, but none can fulfill the above requirements. Stem cell culture 
and differentiation are widely used for lower airway investigation. This stem 
cell model has been proven as a good tool for NP pathogenesis analysis. Several 
research questions concerning the establishment of the nasal epithelial stem or 
progenitor cell model are raised in this thesis. 
 
1. Is it possible to establish a primary culture of hNESPCs from nasal 
mucosa biopsies? 
Although epithelial stem or progenitor cells have been isolated from many parts 
of the human airway epithelium such as the lung and the trachea, there is only 
one reported study of hNESPCs (Hajj et al., 2007). After the isolated nasal 
epithelial cells were sorted by stem cell markers (CD151, CF), these cells were 
capable of reconstituting a fully differentiated mucociliary and functional 
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airway epithelium in the ALI culture. However, the technical details of 
hNESPCs’ in vitro cultural conditions, undifferentiated growth and expansion 
remain unclear. Hence, the establishment of hNESPCs may help us understand 
the basic information about the nasal epithelium such as proliferation and 
differentiation.  
 
2. Are there any intrinsic phenotypic differences between hNESPCs from 
healthy controls and NP biopsies in terms of growth and differentiation?  
Previous studies of NP demonstrated that activation protein 1 (AP-1) and its 
related genes (COX-2, IL-6, AREG, HBEGF, and EGR1) (Li et al., 2009), 
together with an over expression of p63 in the nasal epithelium (Li et al., 2011), 
play an important role in epithelium remodeling in NP. In vitro studies also 
showed that one ciliogenesis gene (CP110) increased in the epithelial cells 
derived from NP tissues (Lai et al., 2011), indicating pathological ciliogenesis. 
Collectively, these findings indicate that the pathological properties and 
functions of the NP epithelium may be caused by intrinsic dysregulation. 
However, whether these intrinsic differences in the nasal epithelium are 
independent from or dependent on the submucosa remains unclear. In other 
words, studies of the proliferation and differentiation of hNESPCs from healthy 
controls and NP biopsies may help to verify the in vivo findings and distinguish 




3. What is the implication and significance of the hNESPCs model? 
The metaplastic change in tissue damage that often accompanies chronic 
inflammation is a major switch in tissue differentiation. It is reasonable to 
suppose that this switch occurs at the stem cell stage rather than at the terminal 
differentiation stage (Takahashi et al., 2007). The established epithelial cell 
model can be applied to partially mimic the situation in vivo and help to 
understand some effects of environmental factors (e.g., smoking) in chronic 
inflammation diseases (e.g., COPD) (Cohn and Adler, 1991; Tamashiro et al., 
2009). However, these effects could only be observed in differentiated cells. 
Therefore, generation of hNESPCs could help to create patient or disease-
specific pluripotent cells with the potential to differentiate disease-relevant cell 
types to model disease. In other words, if the hNESPCs model could mimic the 
situation in vivo, it may help to explore more details that may have been ignored 





The principal aim of this thesis is to investigate the proliferation and 
differentiation process of hNESPCs from both healthy nasal epithelium and NP 
biopsies in an in vitro cell culture system. Specific aims of the thesis are as 
follows: 
 
1. To establish a primary culture of hNESPCs from nasal mucosa biopsies, in 
an ALI culture model, which will support experimental studies on hNESPCs 
growth, differentiation, and biological morphology in an in vitro system. 
 
2. To investigate growth and differentiation properties of hNESPCs in an in 
vitro cell culture system and ALI culture in nasal mucosal epithelium obtained 
from healthy subjects and NP patients 
 
3. To confirm the morphological pattern of functional cells (e.g., ciliated cells) 
in primary nasal mucosal tissue from healthy subjects and NP patients, and in 
vitro with hNESPCs derived from the same donors. 
 
2.3. Significance 
Isolation and in vitro culture of hNESPCs is now possible. Study of these stem 
cells will help to explain the complex mechanisms of self-renewal, proliferation, 
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differentiation and epithelial remodeling that occur during development, 
homeostasis, and chronic inflammatory nasal diseases (e.g., NP). Stem cell 
culture in an in vitro air-liquid culture system opens up many research 
possibilities regarding the molecular mechanisms and pathways underlying both 




Chapter 3. Material and Methods  
3.1. Study subjects 
Approval to conduct this study was obtained from the National Healthcare 
Group Domain-Specific Review Board of Singapore (Singapore) and from the 
Institutional Review Boards of Qilu Hospital, Shandong University (China). 
Adult patients with NP and healthy subjects (controls) were recruited from the 
Department of Otolaryngology, National University Health System (IRB 
reference number DSRB-D/11/228, Singapore), and from the Department of 
Otolaryngology in the Qilu Hospital (IRB reference number 81170897, China). 
The sample size for each study was shown in Table 3.1. NP tissues were 
obtained from patients with bilateral NP (grade 2 or 3, which have partially or 
totally blocked nasal pathway (Fokkens W et al., 2007) who underwent 
functional endoscopic sinus surgery. Control biopsies were obtained from 
inferior turbinate (IT) of adult patients with septal deviation who were 
scheduled for septal plastic surgery. All of control biopsies had neither upper 
respiratory infection nor rhinosinusitis, and did not take any forms of 




Table 3.1. Study subjects 





1. Establishment of an in vitro culture 
system of human nasal epithelial stem or 
progenitor cells 
 
Singapore 3 0 
2. Pathology changes of nasal epithelium 
from in vitro and ALI culture system in 
nasal polyp 1 
   










3. Impairment of ciliary architecture and 
ciliogenesis in hyperplasic nasal epithelium 




1. The clinical characteristics of the study subjects are shown in Chapter 5. 
2. The clinical characteristics of the study subjects are shown in Chapter 6. Among the 
NP patients, 19 of them were treated with oral GC before surgery. 
 
3.2. Immunohistochemical staining (IHC) 
Nasal biopsies (NP biopsies and controls) were fixed in formalin, embedded in 
paraffin and sectioned at 4 μm with Leica microtome (Leica, Wetzlar, Germany). 
To obtain a general impression of histopathological features of the examined 
specimens, slides were stained with hematoxylin and eosin (H&E). In addition, 





3.2.1. Staining procedures for paraffin embedded tissues 
Deparaffinization and rehydration were performed in prior to the staining of 
paraffin embedded section. Slides were processed with Target Retrieval Buffer 
(Dako A/S). Endogenous peroxidase activity was blocked with 3% H2O2. Slides 
were stained with primary antibody and incubated overnight. Species- and 
subtype-matched antibodies were used as negative controls [N-Universal 
Negative Control for mouse IgG and N-Universal Negative control for rabbit 
IgG] (Dako A/S) and were performed in parallel with the specific staining. The 
slides were then incubated with DAKO EnVision+System-HRP (Dako A/S) at 
room temperature for 30 min. Diaminobenzidine was used as substrate for color 
development. All slides were counterstained with hematoxylin (Sigma Aldrich), 
dehydrated with serial concentration of ethanol, hydrated with xylene and 
mounted with mounting medium (Dako A/S).  
 
3.2.2. Evaluation of IHC staining patterns 
Several immunohistochemical staining patterns were examined with a light 
microscope including infiltration of inflammatory cells, epithelial integrity, 
edema status, and target gene expression. To have a standardized histological 
evaluation of the staining (including both H&E staining and IHC staining), the 




1. Evaluation of infiltrated inflammatory cells 
Infiltration of eosinophils was evaluated based on H&E staining, while 
infiltration of neutrophils was examined based on IHC staining by using 
primary mouse anti-human neutrophil elastase monoclonal antibody [Clone 
NP57] (Dako A/S) at dilutions of 1:2000. The results of cell counting were 
showed in percentage, which were calculated by positive staining cells per 200 
cells at 400× magnification in every five fields with high-intensity positive cells. 




× 5) × 100% 
 
Nasal tissues were categorized as eosinophilia or neutrophilia when the 
percentage of eosinophils or neutrophils exceeded 10%. 
 
2. Evaluation of nasal epithelial hyperplasia  
Since the tissue morphology was preserved well in formalin fixed specimens, 
only the paraffin embedded sections were examined for arbitrarily assessing 
epithelial hyperplasia as described: 1) the layer of epithelial cells is equal or less 
than four are considered as normal or no obvious hyperplastic epithelial 





3.3. Cell preparation and fixed for Immunofluorescence  
3.3.1. Progenitor cells 
Cultured cells to be examined by staining were grown on coverslips. At the end 
of the culture, coverslips were fixed for 15 minutes with 4% paraformaldehyde 
for immunofluorescence staining. 
 
3.3.2. Differentiated cells in ALI culture  
At the end of the ALI culture, transwell membranes were washed 3 times by 
PBS and fixed for 15 minutes with 4% paraformaldehyde for staining. 
 
3.3.3. Cytospin 
Single cell suspensions (5 × 105 cells) were dissociated from fresh tissue, 
undifferentiated (on feeder layer) and differentiated hNESPCs (in transwell) at 
passage 1. Cytospin was prepared by using Shandon Cytospin 3 Centrifuge 
(Thermo Scientific, Waltham, MA) according to the manufacturer’s instructions. 
After being fixed by ice-cold acetone, cells were processing for staining. 
 
3.4. Immunofluorescence (IF) 
Fixed progenitor or differentiated cells from cell culture and deparaffinated 
tissue sections were blocked in 10% normal goat serum for 30 minutes at room 
temperature. They were then incubated with a primary antibody solution 
overnight at 4℃ and followed by one hour incubation of Alexa Fluor 488 
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conjugated secondary antibodies in the dark at 37℃. The antibodies were used 
for detection of target genes were described in Table 3.2. The coverslips were 
mounted on the slides by using Slow Fade Gold anti-fade reagent with 4’, 6-
diamidino-2-phenylindole (DAPI) (Life Technologies). For negative controls, 
primary antibodies were substituted with an isotype-marched IgG at the same 
concentration. Images were captured on a confocal micro scope equipped with 





Table 3.2. Antibodies for IHC or IF staining 
Primary 
antibodies 
Description Company Working 
concentration 
Stem cell genes 
P631 Mouse polyclonal antibody 
against p63 (clone 4A4) 
Frank McKeon 
lab, Singapore  
1:50 
P632 Rabbit anti-human p63 





KRT5 mouse anti-human KRT5 











CD151 Mouse anti-human CD151 





Ki-67 mouse anti-human Ki-67 





Ciliogenesis related genes 
βIV-tubulin mouse monoclonal against βIV-











Foxj11 rabbit monoclonal against Foxj1 Sigma, 
Ronkonkoma, NY 
1:400 
Foxj12 mouse monoclonal against Foxj1 Abcam, 
Cambridge, UK 
 










Goblet cell related genes 








3.5. Scanning electron microscopy 
Tissue specimens and differentiated cells in transwell inserts (35±2 days after 
ALI culture) were washed twice in PBS and fixed in 2.5% glutaraldehyde at 4℃ 
overnight. Samples were osmicated with 1% Osmium Teraoxide for 1 hour 
followed by progressive dehydration with gradually increasing ethanol 
concentrations, samples were then thoroughly dried in the critical point drying 
machine by exchanging ethanol with liquid carbon dioxide. Dried samples were 
mounted onto aluminum stubs and the surface was sputter-coated with gold for 
visualization with a JEM-1010 scanning electron microscope (SEM) (JEOL 
Ltd., Tokyo, Japan). Representative photomicrographs were taken at various 
angles to effectively display the specimens so that any error in assessment was 
minimized because of the tilt of the specimen or other processing artifacts. 
 
3.6. RNA extraction 
3.6.1. Extract from solid tissues 
Total RNA was extracted from solid tissues (NP and IT) by using the 
mirVanaTM miRNA isolation kit (Applied Biosystems, AM1560, AM1561), 
according to the manufacture protocol. Briefly, the procedures were described 
as follows: (i) tissues were removed from RNA later and submerged in 
Lysis/Binding buffer, followed by homogenizing until all visible clumps are 
dispersed, (ii) Homogenate was mixed well with 1/10 volume of miRNA 
Homogenate Additive, (iii) Acid-Phenol: Chloroform was added in homogenate 
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and centrifuge at 1,000×g to separate the mixture into a lower, organic phase, 
an interphase, and a upper aqueous phase, (iv) RNA remained in the aqueous 
phase while DNA and proteins were in the interphase and organic phase, (v) 
aqueous phase was mixed thoroughly with 100% ethanol and transferred into a 
Filter Cartridge-collection tube and RNA was binding to the filter, (vi) after 
washing steps, the RNA was eluted through the filter. The purified total RNA 
was stored at -80℃. 
 
3.6.2. Extract from cells 
Cells were first lysed in a denaturing Lysis/binding Buffer from the mirVanaTM 
miRNA isolation kit (Applied Biosystems, AM1560, AM1561), with the stem 
or progenitor cells and one transwell pooled from different time point. The 
lysate was frozen at – 20 ℃ until processed further. Total RNA was extracted 
from cells, according to the manufacture protocol similar to the one applied on 
solid tissue. The purified total RNA was stored at -80 ℃. 
 
3.7. Microarray analysis 
Microarray analysis is used to screen novel candidate genes in the cell 
differentiation process and in the comparison of cells isolated from NP biopsies 
versus controls. Total RNA from both NP and control-isolated cells is 
hybridized onto Human Gene 1.0 ST Array System (Affymetrix, Santa Clara, 
CA), and processed according to the technical manual outlined by Affymetrix. 
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Raw data is normalized and analyzed by commercial software. Selection of 
genes is based on the significant level and the biological functions of the genes. 
 
3.8. Real-Time quantitative reverse transcription PCR (RT- qPCR)  
One microgram of the total RNA was reversely transcribed using Maxima First 
Strand cDNA Synthesis Kits for RT-qPCR (Thermo Scientific) based on the 
manufacturer’s protocol. Briefly, the Maxima First Strand cDNA Synthesis Kits 
contains Maxima Enzyme Mix (Maxima Reverse Transcriptase and Thermo 
Scientific Ribolock RNase Inhibitor), 5×Reaction Mix (reaction buffer, dNTPs, 
oligo (dT)18 and random hexamer primers), and nuclease-free water. 
MultiScribe Reverse Transcripase in a final volume of 20 μl. RT-PCR reactions 
were performed in thermal cycler with the following conditions: 25 ℃ for 10 
minutes, 50 ℃ for 15 minutes, 85 ℃ for5 minutes. After diluting in a final 
volume of 40 μl, cDNA samples were stored in aliquots at -20 ℃ until use. 
 
Real-time RT PCR analysis was performed to validate the expression of 
selected target genes. The TaqMan assays (Applied Biosystems) of target genes 
were described in Table 3.3. Both target and reference (PGK1, GAPDH) genes 
were amplified in separate wells in triplicate. The PCR amplification was 
performed in a final volume of 20 μl, containing 10 ng of cDNA, 1× TaqMan 
Gene Expression Assay (Applied Biosystems), and 1× TaqMan Universal PCR 
Master Mix (Applied Biosystems). The cycling conditions for ABI Prism 7300 
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Sequence Detection System (Applied Biosystems) were 50 °C for 2 minutes and 
95 °C for 10 minutes, followed by 40 cycles of 95 °C for 15 seconds and 60 °C 
for 1 minutes. Briefly, each gene was amplified in separate tubes, and the 
increase in fluorescence was measured in real-time. The threshold cycle (Ct), 
which is defined as the fractional cycle number at which the fluorescence 
reaches 10× the standard deviation of the baseline that was calculated. Relative 
gene expression was calculated using the comparative 2-ΔΔCt method as 
previously described (Livak and Schmittgen, 2001).  
Table 3.3. Identity for human TaqMan Gene Expression Assays-On-Demand™ 
Gene Symbol Description Assay ID 
Stem cell genes 
TP63 Tumor protein p63 Hs00978343_ml 
KRT5 Keratin, type II cytoskeletal 5 Hs00361185_ml 
NOTCH1 Notch homolog 1 Hs01062014_m1 
Cell cycle related genes 
MKI67 Antigen KI-67 Hs01032443_m1 
CDK1 Cyclin-dependent kinase 1 Hs00938777_m1 
CCNA2 Cyclin A2 Hs00996788_m1 
Ciliogenesis related genes 
FOXJ1 Forkhead box protein J1 Hs00230964_ml 
CP110 centrosomal protein of 110 kDa Hs00206922_m1 
TAp73 Transactivation-proficient (TA) p73 Hs01056228_ml 
Goblet cell related genes 
MUC5AC Mucin5AC Hs00873651_ml 
MUC1 Mucin1 Hs00159357_m1 
MUC4 Mucin4 Hs00366414_m1 
MUC16 Mucin16 Hs01065189_m1 





PGK1 Phosphoglycerate kinase 1 Hs99999906_m1 
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3.9. Tissue IF staining and mRNA evaluation in tissue section 
3.9.1. Evaluation of staining patterns of p63 and Ki67 in nasal tissues  
In order to compare the proliferation capacity between healthy controls and NP 
in vivo, p63 and Ki67 were also stained in solid tissues obtained from the same 
subjects whose biopsies were used for cell culture. For quantifying the number 
of Ki67+ or p63+ cells, two areas in the epithelium region were randomly taken 
from each sample in a blind manner. The percentage of Ki67+ cells among p63+ 
cells in each solid tissue was then calculated. 
 
3.9.2. Measurement of cilia length, cilia area and ciliated cell percentage  
Cilia length was evaluated in nasal tissues, primary cells isolated from nasal 
biopsies were assessed by βIV-tubulin staining at 400× magnifications. Five 
areas of the cilia staining from the tissue sections or cytospin cells were 
randomly selected. Cilia length was measured using ImageJ software (Wann 
and Knight, 2012). The mean values of cilia length was calculated from 20 
measurements for each paraffin section, 10 to 30 measurements for each 
primary cell sample, and 30 to 70 measurements for cells from each ALI culture. 
Cilia area (in percentages) in transwell inserts from healthy controls and NP 
biopsies (25 measurements per individual) was evaluated at 200 × 
amplification by imageJ. 
βIV − tubulin positive area




The percentage of ciliated cells from cytospin samples (primary cells and 
epithelial cells from ALI culture) was as counted by using the formula: 
Number of βIV − tubulin positive cells 
Total cell number (DAPI staining)
× 100% 
 
3.9.3. Total fluorescence intensity (TFI) evaluation of ciliogenesis associated 
genes  
Staining images of βIV-tubulin, CP110, Foxj1 and TAp73 on tissue sections 
were captured at 400 × magnifications with a fluorescence microscope. Protein 
expression of these cilia related genes were analyzed by ImageJ, through 
calculating the value of the positively stained area and the mean fluorescence 
intensity (MFI) for each marker. Total fluorescence intensity (arbitrary unit) 
measurements were performed through multiplying the positive area by MFI 
(Burgess et al., 2010; Gavet and Pines, 2010). Mounting medium with Dapi was 
used to stain the nuclei of all cells. 
 
3.9.4. mRNA evaluation 
For comparing of mRNA expression of differentiation genes from healthy 
controls and NP in vivo, real-time RT-PCR analysis was performed in tissues to 
evaluate the expression levels of Foxj1, CP110, and TAp73. GAPDH were used 




3.10. Human nasal epithelial stem or progenitor cells (hNESPCs) culture 
and evaluation 
3.10.1. Medium  
The Medium for culturing hNESPCs was composed as followed: 
DMEM/Nutrient Mixture F-12 (DMEM/F12; Gibco-Invitrogen) containing 10 
ng/mL of human epithelial growth factor (Gibco-Invitrogen), 5 μg/ml of insulin 
(Sigma), 0.1 nM of cholera toxin (Sigma), 0.5 μg/ml of hydrocortisone (Sigma), 
2 nM/mL of 3,3’,5-triiodo-l-thyronine (T3; Sigma), 10 μl/ml of N-2 supplement 
(Gibco-Invitrogen), and 100 IU/ml of Antibiotic-Antimycotic solution. 
 
3.10.2. Cell preparation 
1. Epithelial cell isolation 
Fresh specimens were immediately (within 1 hour) transferred to the laboratory 
in Hanks’ Balanced Salt solution (Sigma, St. Louis, MO) supplemented with 
100 IU/mL of Antibiotic-Antimycotic solution (Gibco-Invitrogen, Grand Island, 
NY) and washed with cold PBS. A single-cell suspension was obtained using 
enzymic digestion and mechanical dissociation. Each sample was treated in 10 
mg/mL of Dispase II (Sigma) with shaking at 4 °C overnight, followed by 
incubation in 0.05% trypsin and 0.01% ethylenediaminetetraacetic acid at 37 °C 
for another 20 minutes. The digests were pipetted repetitively and filtered using 
a 100-μm sieve (BD Biosciences, Bedford, MA) to separate single cells from 
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debris and undigested tissues. The digestion was stopped by adding serum. The 
dissociated cells were washed twice and ready for culture. 
 
2. Feeder layer preparation 
NIH 3T3 cells were obtained from the American Type Culture Collection 
(ATCC, Manassas, VA) and cultured in DMEM supplemented with 10% fetal 
bovine serum and 1% Antibiotic Antimycotic solution (Gibco-Invitrogen). Both 
NIH 3T3 and human fibroblasts were treated with 10 μg/ml of mitomycin C 
(Sigma) to arrest growth at 37 °C for 2.5 hours 
 
3. Cell culture optimization 
Primary cells (P0) were seeded on the pretreated NIH 3T3 cells at optimized 
2×103 cells/cm2 in 24-well plates and were cultured with in-house serum-free 
medium. Other seeding densities were tested in the beginning of the experiment. 
By seeding a serial number of 200, 1,000, 2,000, 4,000 and 10,000 cells in each 
well of 24-well plate, we found that: 1) No clones could be formed in the 
cultures from passage 0 to 3 when seeding 200 or 1,000 cells initially; 2) For 
2,000 cells/well, clones could be observed but were self-differentiated; 3) For 
10,000 cells/well, the clones were formed too early to be observed in the initial 
day and were easily merged to form large clones. Therefore, 4000 cells per well 
was the optimal cell density for both cell growth and evaluation of colony 
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forming efficiency and doubling time of hNESPCs from P0 to P3. Only basal 
epithelial basal cells, but no other cell types such as differentiated epithelial 
differentiated cells, fibroblasts or leukocytes can grow and proliferate in this 
culture system. 
 
3.10.3. Cell passage 
We used a sequential enzyme digestion method for passaging the hNESPCs 
when the cells were more than 80% confluent. Mitomycin C–treated feeders are 
more easily lifted off by mild digestion in Accutase (Invitrogen) plus gentle 
repeated pipetting. As shown in Figure 3.1, we washed cultures with Dulbecco’s 
PBS (Sigma) and incubated them in Accutase for <2 minutes (checked under 
microscope occasionally). This was followed by repeated pipetting to remove 
feeder cells. We then added fresh Accutase and incubated them until the 
epithelial cells came off. The single-cell suspensions were subcultured at the 
same cell density as primary cell cultures. The hNESPCs was maximally 
cultured for four passages (i.e., P0, P1, P2, and P3) in the current study. 
 
Figure 3.1. The process of cell passage.  
Pictures were taken at 400×magnification.  
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3.10.4. Doubling time 
After the clone formed, five colonies were randomly chosen, marked and 
tracked for 48 hours. Cell numbers within each colony were recorded at 
different time points for the calculation of doubling time using the formula: 
𝑡𝑑 = ∆𝑡 × 𝑙𝑔2 (𝑙𝑔N𝑡 − 𝑙𝑔N0)⁄  
 
td is doubling time, Δt is duration of culture (from 48 to 72 hours post seeding), 
N0 is the cell number of a single clone at initial time point, and Nt is the cell 
number at end time point (Schmid et al., 1993).  
 
3.10.5. Colony forming efficiency  
Ten colonies for each sample in every passage were randomly chosen. At 72 
hours post clone formed, cells in 24 well plates were fixed for 15 minutes with 
4% paraformaldehyde (Bustin et al.) and then stained with Brilliant Blue (Sigma) 
for easy visualizing. Images of colonies were captured at 100× magnification. 
Those cell clusters with more than eight cells were considered as a colony, 
which was assumed to be derived from one cell. Total colonies were counted in 
triplicate wells per sample per passage and used for the calculation of colony-
forming efficiency (CFE) which was calculated by using the followed formula 







N0 is the cell number of seeding at beginning, and Nt is the colonies number 
after 96 hours cultured.  
 
3.10.6. Cell proliferation assay 
Cell proliferation assay using CyQUANT® kit (Life Technologies) was 
performed following the manufacture’s protocol in the initial stage of this study. 
It can be used to determine the cell number by evaluating the fluorescence 
signals when the CyQUANT® GR dye bind to cellular nucleic acids. In the 
Days 1, 2, 3, and 4, hNESPCs were detached by Accutase (Life Technologies), 
washed by PBS, and the cell pellets were frozen at -70℃ until use (for up to 
four weeks). When the samples were ready, CyQUANT® GR dye/cell-lysis 
buffer was added to each frozen cells and incubated for 5 minutes at room 
temperature protected from light. The reaction mixtures were transferred to 96-
well plate and fluorescence intensity was measured by Synergy™ H1 
microplate reader (BioTek®, Winooski, Vermont) for excitation at about 480 
nm and emission at about 520 nm. A cell number standard curve (using the same 
hNESPCs) was created in parallel with the experiment for converting sample 




3.10.7. Senescence-associated β -galactosidase staining 
hNESPCs were washed in 1×PBS and fixed in 4% formaldehyde for 5 minutes 
at room temperature. Cells were then incubated overnight at 37 oC with freshly 
prepared SA-β-gal solution (1 mg/ml X-gal, 150 mM NaCl, 2 mM MgCl, 5 mM 
potassium ferrocyanide, 5 mM potassium ferricyanide, and 40 mM sodium 
phosphate/ citric acid at pH6) as the method reported by Dimri (Dimri et al., 
1995). Positive staining of senescent cells was evident from two hours post-
staining onwards, but cells were examined under light microscopy and imaged 
at 16 hours post-staining when maximal staining occurred. During the 
development of staining, cells were incubated at 37 oC overnight. Both of the 
NIH/3T3 feeder layer cells and hNESPCs were treated with 4 μg/ml of 
mitomycin C for 3 hours and then used as a positive control for the SA-β-gal 
staining. 
 
3.10.8. Staining evaluation  
For evaluating the undifferentiated status of hNESPCs, expression of p63, Ki-
67, βIV-tubulin, and MUC5AC on cells from monolayer and ALI culture was 
studies by IF staining, followed by quantitative confocal microscopy. Three 
hundred cells were counted under 200× magnification by two independent 
blinded investigators and the percentage of positive cells per total number of 




For comparing the proliferation capacity of hNESPCs from healthy controls and 
NP, p63, KRT5, and Ki67 were stained in hNESPCs cultures by IF assay. 
hNESPCs to be examined by staining were grown on cover slips and were fixed 
at the end of the observation for doubling time. For quantifying the number of 
positive cells, 3 pictures were randomly taken from each sample in a blind 
manner. Percentage of double positive cells in each clone was then calculated. 
 
3.10.9. mRNA evaluation  
For comparing the proliferation capacity of hNESPCs from healthy controls and 
NP, RNA was extracted from hNESPCs cultures of P0, P1, and P2. Real-time 
RT-PCR analysis was performed to evaluate the expression levels of Ki67 and 
p63. PGK1 was used as a housekeeping control. 
 
3.11. Air-liquid interface (ALI) culture and evaluation of differentiated 
cells 
3.11.1. ALI culture 
In order to analyze the differentiation capacity of hNESPCs cultured in the 
described medium and further observe the differentiation process, hNESPCs 
were cultured in ALI culture system. Approximately 2×105 hNESPCs of each 
passage were resuspended in 200 μl of B-ALITM growth medium (Lonza, 
Walkersville, MD) and pipetted onto 12-well 0.4-μmTranswell inserts (Corning, 
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Corning, NY) with 1000 μl of B-ALITM growth medium, which was added to 
the basal chamber. On day 3 after seeding, B-ALITM growth medium from the 
apical and basal chambers was removed and 1000 μl of B-ALITM 
differentiation medium was added to the basal chamber only. The 
differentiation medium of the basal chamber was changed every other day 
during the 5-week culture period.  
 
For evaluation the differentiation capacity of hNESPCs, cells were harvested 
for immunochemistry staining. The preparation of immunochemistry staining 
was followed the above steps in section 3.2. 
 
For analyzing the molecular change in the differentiation process of hNESPCs, 
cells were harvested for real-time PCR and immunochemistry staining at four 
different time points during the culture period: Days 0, 7, 10, 14, 21, and 35. 
Day 0 refers to the time point just before the removal of growth medium to 
initiate differentiation. The preparation of IF staining was followed the above 
steps in section 3.3. 
 
3.11.2. Transepithelial electrical resistance (TEER) measurement 
After seeding, the transepithelial electrical resistance (TEER) was measured 
every week by using an EVOM voltammeter device (WPI, Sarasota, FL, USA), 
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and corrected by subtracting the background due to the blank transwell inserts 
and medium. For ALI inserts, 0.5 ml and 1.5 ml of pre-equilibrated medium 
were added to the apical and basolateral reservoirs, respectively. After attaining 
a steady for 5 minutes in blank insert, bioelectric measurements were performed 
(Lin et al., 2007). 
 
3.11.3. Ciliary beat frequency (CBF) 
Actively beating ciliated cells from five controls and six NP biopsies after 35±2 
days cultured in ALI were observed with an inverted microscope (Olympus, 
Tokyo, Japan) with a 40× objective lens. The sample IDs were coded 
confidentially and blinded to the investigators (usually with two) who 
performed CBF and data analysis. Ciliated cells were digitally analyzed using 
the Sisson- Ammons Video Analysis (SAVA, Omaha, NE) system. Whole field 
analysis was performed by using software that automatically analyzed the entire 
captured video of all ciliated cells in a given field. For all experiments, the 
digital sampling rate was set at 100 frames/ second (fps). The whole field 
analysis records and labels “motile” zones (a frequency of ≥2 Hz) or “non-
motile” zones (a frequency of ≤2 Hz). All of the motile whole field zones 
amplitudes and frequencies were collated, mapped to the screen image and 
statistically analyzed to determine the frequency average, standard deviation 




Figure 3.2. CBF measurement setting.  
The predominant frequency of a small group of cilia from each sample was 
viewed and taken in at least five separate fields every 1 minute for up to 5 
minutes while they were maintained at a constant temperature (23±0.5 oC). All 
frequencies from each sample are expressed as the mean from each field over 5 
minutes. 
 
3.11.4. Staining evaluation of transwell  
The cells were stained with primary mouse monoclonal antibody against p63 
[clone 4A4] (Abcam, Cambridge, UK), mouse monoclonal against βIV-tubulin 
[clone, ONS.1A6] (Abcam) and rabbit polyclonal antibody against MUC5AC 
(Abcam) at dilutions of 1:200, 1:200 and 1:400, respectively. The method 




After staining with p63 and DAPI, the percentage of epithelial stem cells in ALI 
in the time points during differentiation process was counted under 200× 
magnification by two independent blinded investigators and calculated as 
following method: 




Percentages of cilia area, ciliated cell number (βIV-tubulin+) and percentages 
of mucus secretion area (MUC5AC+) in transwell insects from five controls and 
five NP biopsies (25 measurements per individual) were evaluated at 200× 
amplifications by imageJ in several time points during differentiation process. 
βⅣ− tubulin +/MUC5AC +  area
Total area of 200 × magnifications
× 100% 
 
3.11.5. mRNA evaluation 
For tracing the change of mRNA during differentiation process and compare the 
differentiation capacity of hNESPCs from healthy controls and NP, real-time 
RT-PCR analysis was performed to evaluate the expression levels of p63, KRT5, 
Notch1, Ki67, Foxj1, CP110, TAp73, MUC5AC, MUC1, MUC4, and MUC16. 
PGK1 were used as an endogenous control gene.  
3.12. Statistic analysis 
All data were analyzed by using the SPSS statistical software V18.0 (SPSS Inc., 
Chicago, IL). Differences in categorical variables (e.g., eosinophilia or 
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neutrophilia and epithelial hyperplasia) between groups were compared by 
using the Fisher exact test. In all analyses, values are considered significant if p 
<0.05. In the figures, Symbol “*” means the p-value is less than 0.05 but more 
than 0.01, and Symbol “**” means the p-value is less than 0.01, while symbol 
“***” means the p-value is less than 0.001. 
 
3.12.1. Comparing the proliferation rate between hNESPCs from healthy 
controls and nasal polyps 
Differences in categorical variables (e.g., eosinophilia or neutrophilia and 
epithelial hyperplasia) between groups were compared by using the Fisher exact 
test. Liner Mixed Models were used to estimate the difference of these two 
measurements between NP and controls in each passage. Mann-Whitney two-
tailed U test was used to analyze the difference of Ki67+/p63+ cells percentage 
in colonies or in tissue sections between NP biopsies and controls. Correlation 
between age and measurements of cell proliferation was performed using 
Spearman r 
 
3.12.2. Comparing the differentiation change between hNESPCs from healthy 
controls and nasal polyps  
Differences in categorical variables (e.g., eosinophilia or neutrophilia and 
epithelial hyperplasia) between groups were compared by using the Fisher exact 
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test. Because of observations of cilia length in ALI culture cytospins, cilia area 
and CBF in ALI culture were repeated measurements per sample, Liner Mix 
models were used to estimate the difference of these four measurements 
between healthy epithelium and NP biopsies. Mann-Whiney two-tailed U test 
was used to compare ciliated cell percentage and the expression of p63, KRT5, 
Notch1, MUC5AC, MUC1, MUC4, MUC16, Foxj1, CP110, TAp73, Ki67, 
CCNA2, and CDK1 between NP biopsies and healthy controls. Correlation 
analysis among ciliogenesis associated markers and between ciliogenesis 
associated markers and cell cycle markers was performed using Spearman r.  
 
3.12.3. Comparing the impairment cilia in nasal polyps to healthy controls in 
vivo 
After calculating the mean of cilia length from multiple measurements of each 
sample, the Mann-Whitney two-tailed U test was used to compare the cilia 
length between healthy epithelium and NP epithelium in paraffin embedded 
tissue. Cilia length in primary cell cytospin sections were repeated 
measurements per sample, Liner Mix models were used to estimate the 
difference of these four measurements between healthy epithelium and NP 
biopsies. The Mann-Whitney two-tailed U test was used to compare the ciliated 
cell percentage between healthy epithelium and NP biopsies in primary cells, 
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and both the expression and mRNA levels of Foxj1, CP110 and TAp73. 





Chapter 4. Establishment of an in vitro culture system of human nasal 
epithelial stem or progenitor cells (hNESPCs) 
As we mentioned in the literature review, hNESPCs play an important role in 
the well-coordinated process including migration, proliferation and 
differentiation of epithelial cells. Right now, there is only one reported study of 
hNESPCs (Hajj et al., 2007). However, the technical details of hNESPCs in 
vitro cultural conditions, undifferentiated growth, and expansion remain unclear. 
In this chapter, we aim to isolate hNESPCs from the human nasal mucosa, 
propagate them in vitro and observe their biological characteristics. 
 
4.1. Results 
4.1.1. Stem cell marker screening in nasal epithelium 
Findings from the lower airway showed that: the basal cells that specifically 
expressed p63 (Daniely et al., 2004) and KRT5 (Borthwick et al., 2001) could 
be viewed as a class of lung stem cells. Other cell markers from mesenchymal 
or neural stem cells, such as CD151 and Sox2, were also reported to be 
expressed in basal cells from the human lungs and bronchus (Delplanque et al., 
2000; Hajj et al., 2007; Kim et al., 2009). In order to clarify whether these stem 
cell markers could be stably expressed on nasal epithelium, IHC staining was 
performed on nasal paraffin tissues. As shown in Figure 4.1, CD151 and Sox2 
did not have specific locations, while only p63 and KRT5 showed a stable 
expression and specific location on basal cells in the nasal epithelium of healthy 
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controls and NP biopsies. In this case, p63 and KRT5 were used to test the stem 
cell property of an in vitro culture model. 
 
Figure 4.1. The stem cell marker screening in nasal epithelium. 
Stem cell markers p63, KRT5, CD151 and Sox2 were tested on nasal epithelium from 
healthy controls and NP by IHC (100×magnification). 
 
However, whether the p63 and KRT5 were colocated on the same cell was 
unclear. Therefore, we double stained p63 and KRT5 by IF both on the tissue 
paraffin sections and primary cells from the nasal epithelium. Most KRT5+ cells 
also showed p63+, both in the basal layers of epithelium from healthy controls 
and NP biopsies, indicating a well consistency of p63 and KRT5 localization in 
the epithelial stem or progenitor cells (see Figure 4.2). Based on the results from 
primary cell cytospin sections, we found the cells that expressed p63+ and 
KRT5+ took around 30% of the total cells. However, only 10% cells showed 
KRT5+ by using flow cytometry. Unlike tissues from the lower airway, which 
are larger, primary cells from nasal tissues are less. Additionally, many cells 
may be lost in flow cytometry during the washing steps. The cell number after 
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sorting may not enough for the following experiment. Therefore, we isolated 
hNESPCs from other cells by moderating culture condition rather than sorting.  
 
Figure 4.2. Double staining of p63 and KRT5 in tissue and primary cells from 
nasal epithelium.  
p63 was red and KRT5 was green. Nuclear was visualized with DAPI (200 × 
magnification for tissue, 400× magnification for primary cells, this result have been 
published) (Zhao et al., 2012). 
 
4.1.2. Formulation of serum-free media 
The nasal biopsy specimens were processed following the steps described in the 
methods section. To avoid contamination of the fibroblasts, we dissected out as 
much as possible the submucosal tissue by naked eyes. In our study, we did not 
observe apparent contaminated human fibroblasts in our co-cultures based on 
their distinct morphology. This is probably attributed to the absence of serum 
and the presence of hydrocortisone. Other cell types such as lymphocytes and 




After trials of different combinations of supplements, we developed a serum-
free medium composed of DMEM/F12 base supplemented with recombinant 
human epithelial growth factor, insulin, cholera toxin, hydrocortisone, T3, and 
N-2 supplement. All medium components were synthetic, recombinant, or of 
human origin and removal of any of the supplements tends to result in reducing 
growth or excess differentiation of hNESPCs.  
 
In this media, the derived cells cultured on NIH 3T3 feeder layers exhibit typical 
hNESPCs morphology such as clones formed by compact, cobblestone-like 
cells with a clear boundary from feed layer, and after around 7 days culture in 
the serum-free medium, clone can expand to nearly 80% confluence as shown 
in Figure 4.3. 
 
Figure 4.3. The derived cells cultured on NIH 3T3 feeder layers. 
Clone formed after two days culture (400× magnification). After around 7days culture, 
clones can expand to nearly 80% confluence (200× magnification).  
4.1.3. hNESPCs express stem cell markers 
p63 and KRT5 are two stem cell markers that have stable expression and 
specific location in basal layers of the nasal epithelium. From the results of the 
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primary cytospin, only about 30% of cells presented p63 and KRT5 double 
positives. Our initial goal was to characterize these colony-forming hNESPCs 
by stem cell markers expression. In order to characterize the hNESPCs, we used 
p63 and KRT5 to stain the cells both in clone and cytospin. Additionally, 
proliferation marker Ki67 and differentiated cell makers (MUC5AC and βIV-
tubulin) were used to investigate whether the cells from our culture system had 
stem or progenitor cells properties. As shown in Figure 4.4, the 
immunofluorescence staining showed most cells in the clones were p63, KRT5, 
and Ki-67positive (more than 90%), while only less than 1% of the cells were 
positive with differentiated cell markers (MUC5AC and βIV-tubulin). The 
cytospin that was double stained with p63 and KRT5 showed that the double 
positive cells increased to nearly 90% of the total cells after culturing for one 
passage. These results proved that the hNESPCs could be expanded and the 
stem or progenitor property could be kept in our culture system. 
 
Figure 4.4. Characterization of hNESPCs in undifferentiated condition. 
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Epithelial basal cell marker p63, KRT5; proliferation marker Ki-67; differentiation 
marker βIV-tubulin and MUC 5AC were stained in clone (100 × magnification). 
Nuclear was visualized with DAPI (400 ×  magnification, this result have been 
published) (Zhao et al., 2012). 
 
4.1.4. Proliferation and division of hNESPCs 
A combination of optimized chemical-defined media and 3T3 feeder layer were 
able to support the undifferentiated proliferation and expansion (for at least 4 
passages) of the hNESPCs. In order to study the proliferation and division 
properties of hNESPCs, doubling time and CFE were used to evaluate the 
growth rate. The doubling time is the period of time required for a quantity to 
double in value. It could represent the duration of cell division. The longer 
doubling time means slower growth rate. The colony forming efficiency is used 
to test the proliferation capacity of cells. The cell clusters with more than 8 cells 
were considered as one colony, which was assumed to be derived from one cell. 
Based on our observation, the clone formed with clear boundary in the first three 
days, however individual clones were gradually contacted and fused with each 
other after cells expanded for more than three days. As followed, the cells 
reached to nearly 80% confluence after one week culture. Consequently, the 
first three days were considered as the best time point to easily identify 
individual clone under the microscope (see Figure 4.5). Thus, we plan to trace 
the cell growth (by doubling time) and colony forming ability (by CFE) for 




Figure 4.5. Growth property of hNESPCs.  
The doubling time was calculated by the cell number in each clone in the first three 
days after clone forming (200× magnification). CFE was calculated at 72 hours after 
clone forming (100× magnification, this result have been published) (Zhao et al., 2012). 
 
Therefore, five colonies were randomly chosen after clones formed, marked and 
tracked for 72 hours. Cell numbers within each colony were recorded at 
different time points for the calculation of doubling time. After 72 hours post 
clone formed, the colonies were stained with Brilliant Blue for evaluating the 
cloning forming efficiency. The doubling time (h) and CFE value (%) in each 
passage of hNESPCs from three healthy controls was shown in Table 4.1.  
Table 4.1. The doubling time and clone number in each passage. 
Passage1 Doubling-time (h) CFE (per 4000cells; %) 
P0 18.41±2.14 1.2±0.03 
P1 24.76±1.58 9.3±0.50 
P2 24.02±2.08 7.5±0.54 
P3 32.35±6.02 4.9±0.64 
1. Samples were obtained from three healthy controls, this result have been published 




From our results, it demonstrated that: 1) P0 culture showed a lower CFE as 
compared to P1, which may be caused by other cell types (e.g., leukocytes, 
ciliated cells, and goblet cells) in the cell cluster; 2) The cell cultures from P1 
demonstrated the highest colony forming capacity and the CFE values 
decreased at passage 2 and 3, 3) At passage 3, the increased doubling time and 
decreased CFE indicated the slower growth rate occurred after passaging for 
three generations.  
 
4.1.5. Capacity of differentiation of hNESPCs 
In order to test the differentiation capacity of hNESPCs, cells from each passage 
were transferred into the ALI culture system and the differentiation processes 
were observed. By the end of the first week of ALI culture, the cells formed a 
stratified epithelial layer. After 14 days cultured in ALI, the cells had formed 
multiple layers in the apical surface of the transwell inserts. By Day 21, ciliated 
cells began to be observed by few irregular beating cilia. Until Day 35, the cells 
had hair like extensions of cilia on their apical surface and a harmonious beating 
pattern (see Figure 4.6).  
 
Figure 4.6. Morphological changes of hNESPCs during differentiation in ALI.  




Since most epithelial stem or progenitor cells may rapidly lose their-multiple 
differentiation potential during in vitro expansion (Wiszniewski et al., 2006), 
we first tested the P0 to P3 differentiation ability of hNESPCs from seven 
healthy control samples. After a 35 day culture in the ALI culture system, about 
85% of the P0 and P1 cells differentiated into ciliated cells (see Figure 4.7A). 
However, the potential to differentiate into functional epithelia cells dropped 
significantly in P2 cells (40%, p = 0.015), and no ciliated cells appeared in P3 
cells (see Figure 4.7A). To further confirm whether there was any difference in 
cilia appearances between P0 and P1 cells from healthy samples, the number of 
days that beating cilia appeared was recoded. As shown in Figure 4.7B, the 
beating cilia appeared from P0 cells could be observed a little earlier but no 
difference from P1 cells in the number of days. The average number of days 
that beating cilia appeared in both P0 and P1 cells was 19.86. 
 
Figure 4.7. Time and frequency of ciliated cell appearance.  
In the test samples, after 35 days culture in ALI culture system, the appearance 
frequency is 85.7% in P0 and P1 (A) and the average time of ciliated cells appearance 




Immunofluorescence staining of hNESPCs was performed on both transwell 
inserts and cytospin sections after differentiation to assess whether they formed 
functional cells. Since p63 was localized in the nucleus and was easier to 
quantify and traced in multiple layers than KRT5, we used p63 to trace the status 
of stem cells in transwell membranes after differentiation. Another stem cell 
marker KRT5 used for parallel confirming the stem cells status at the end of 
differentiation by double staining with p63 on cytospin sections. Meanwhile, 
differentiated cellular marker βIV-tubulin and MUC5AC were used to trace 
ciliated cells and goblet cells, respectively. Over a 5-week differentiation in ALI 
culture, the percentage of p63, KRT5 and Ki67 cells in both membranes and 
cytospin sections was dramatically down-regulated with an increase of βIV-
tubulin and MUC5AC positive cells, suggesting stem cells had successfully 
differentiated into other cell types in ALI culture (see Figure 4.8).  
 
 
Figure 4.8. Cell differentiation pattern. 
Cellular differetiantion pattern were taken at the end of differetiation using IF staining 
in transwell memberanes (100 × magnification) and cytospin sections 
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(200 × magnification). Basal cell marker p63 and differentiated marker βIV-
tubulin,MUC5AC were confirmed at Day 35 after the ALI culture.  
 
After counting the positive cells by staining with lineage-specific markers, a 
profile of different cell types before and after differentiation was described in 
four passages of hNESPCs. Under undifferentiated conditions, 90% of the cells 
were p63+ and Ki67+, but < 5% were βIV-tubulin+ and MUC5AC+ cells. There 
were significant changes in the cell population in the first three generations with 
10%–30% of the hNESPCs were p63+ and barely any Ki67+ cells after using a 
differentiating culture for five weeks (see Figure 4.9A and B). For estimating 
the change of functional cells after differentiation, the positive staining areas 
were evaluated and showed βIV-tubulin+ areas and MUC5AC+ areas, 
increasing to 20%-40% in the first three generations (see Figure 4.9C and D). 
However, after four passage, 90% of the hNESPCs were p63+ and 70% were 
Ki67+ at undifferentiated stage, but they lost their differentiation ability. This 
finding leads to the conclusion that hNESPCs are derived from the basal cell 
compartment of the nasal epithelium, which is consistent with previous findings 
on more distal parts of the airway (Rock et al., 2009; Schoch et al., 2004) such 




Figure 4.9. Comparison of changes in expression of markers before and after 
differentiation of hNESPCs.  
The percentage of (A) p63+, (B) Ki67+, (C) MUC5AC+, and (D) βIV-tubulin+ cells 
among the hNESPCs from passage 0 to passage 3. Each marker was evaluated in 
triplicates and repeated twice (this result have been published) (Zhao et al., 2012). 
 
It is also remarkable that the beating ciliated cells were found 5 weeks after 
culture in the ALI culture, and their morphology appears to be identical to the 




Figure 4.10. Differentiation of ciliated columnar cells from the hNESPCs. 
Representative three-dimensional (3D) reconstruction confocal images of 
differentiated hNESPCs with clusters of cilia are shown. Approximately 20-40% of the 
cells with βIV-tubulin+ as shown in the (A) sagittal and (B) apical view. A comparison 
of ciliated cells dissociated from differentiated hNESPCs on (C) transwell to (D) 
primary ciliated cells obtained from nasal brushing. They have identical morphology 
at a single cell level including the number and length of the cilia (600× magnification, 
this result have been published) (Zhao et al., 2012) 
 
4.2. Discussion 
To date, most reported data of epithelial stem or progenitor cells are derived 
from lower airway studies or animal models. In one published study of human 
nasal epithelial stem cells, basal cells were separated only using flow cytometry 
from columnar cells based on surface markers CD151and tissue factors (Hajj et 
al., 2007). However, our results showed that, CD151 is not specific when 
staining the basal cells in nasal paraffin tissue, indicating that the previous 
sorting method may not isolate the pure basal cells. Although the researchers 
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successfully generated differentiated cells after creating ALI culture, they did 
not confirm that all of the isolated cells were basal cells. In our study, we 
identified all of the essential nutrients and growth factors required to maintain 
the undifferentiated state of hNESPCs based on p63, which is stably and 
constitutively present in the basal cells of the nasal epithelium and is the key 
gene for self-renewal of the epithelial stem cells (Yang et al., 2002). The murine 
3T3 may also support maintaining the stem cell properties of hNESPCs for at 
least three passages. In this chapter, the details of growth rate of hNESPCs, such 
as doubling time and CFE, were tested in four generations and showed stable 
growth properties in the first three passages. This stem or progenitor cell culture 
represents an opportunity for repetitive use and scaling up the relative 
abundance of a cell source in a controlled manner. 
 
We found that hNESPCs from the first three passages successfully 
differentiated into secretory and ciliated cells in the ALI culture, which closely 
resemble the pseudostratified epithelial tissue of the nasal epithelium.  
 
However, there are still some unanswered questions and limitations of in vitro 
research for hNESPCs. For example, researchers have reported that most 
epithelial stem or progenitor cells rapidly lose their multiple differentiation 
potential during in vitro expansion (Wiszniewski et al., 2006), which we also 
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found in our study after P3. One potential explanation is that the hNESPCs 
proliferation and full differentiation properties require the appropriate signals 
from the extracellular matrix in vivo. In other words, whether the limit self-
renewal of the nasal epithelial cells was caused by in vitro culture condition or 
the cells’ self-property is unknown. From the literature review, the definitions 
between adult stem cell and progenitors are ambiguous. Based on the strict 
definitions of stem cells and progenitors, the cells from our culture system, 
which maintained their multipotentiality (ciliated and goblet cells) for the first 
three passages, could be classed into the progenitor. However, according to the 
evolving view of stem cell potentials, our cells could also be named as adult 
stem cells. Therefore, we named our cells as nasal epithelial stem or progenitor 
cells (NESPCs). 
 
4.3. Summary  
In conclusion, our results indicate that hNESPCs can be isolated and cultured 
from human nasal mucosa biopsy specimens and retain their self-renewal and 
differentiation potential for at least three passages. Murine fibroblast NIH3T3 
cells are suitable for use as feeders for a hNESPCs culture in serum-free 
conditions, which will certainly help in the establishment of an in vitro model 
for screening and validating human epithelial cell activity and the cells’ 
response to treatment. 
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To date, NP research has been severely hampered by a lack of animal models. 
This in vitro cell culture system allows for studying isolated hNESPCs from 
both healthy and polyp tissues. In the next chapter, the self-renewal and 






Chapter 5. Pathology changes of human nasal epithelial stem or 
progenitor cells (hNESPCs) from in vitro and air-liquid interface (ALI) 
culture system in nasal polyp (NP)  
In the last chapter, we successfully isolated, cultured, and differentiated 
hNESPCs from human inferior turbinate. This advance technique facilitates 
studies of the pathological mechanism underlying abnormal epithelial repair 
and remodeling in inflammatory airway diseases, such as NP. Based on the 
hypothesis that there are intrinsic phenotypic differences between NP and 
healthy nasal epithelium (Benito Pescador et al., 2012), the aim of this chapter 
is to investigate the properties of proliferation and differentiation of hNESPCs 
from healthy subjects and NP patients. 
 
5.1. Pathology change of hNESPCs in vitro culture system in NP 
5.1.1. Results 
1. Growth dynamics of hNESPCs from patients with NP and healthy controls 
To study the growth rates of hNESPCs over passages, it is required to observe 
the exponential phase of cell proliferation within the passage. The profile of 




Figure 5.1. Flow chart of the study showing the experimental design. 
This flow chart have been published (Yu et al., 2014).   
 
Primary cells from nasal tissues were isolated and seeded on 3T3 feeders on 
Day 0 in passage 0 (P0). The culture conditions favor hNESPCs, therefore, other 
cell types like fibroblasts, lymphocytes, and differentiated epithelial 
differentiated cells could not grow in this system. After 48 hours, ten random 
colonies were marked and tracked for 3 days. Observation of the cell 
morphology and evaluation of doubling time were performed on T1, T2, and 
T3. On T3, the cells in three wells of the 24-well plate were fixed and stained 
for calculation of CFE and immunofluorescence assay. On the day of cell 
confluence (Day 6), the hNESPCs in P0 were enzymatically digested and 
subcultured. Cellular RNA was also obtained at this point. Hereafter, the cells 
were continually passaged to P3. The same observation and evaluation 




hNESPCs from both NP and control tissues showed a similar growth pattern 
throughout the four passages (see Figure 5.2). The age effect on the 
measurement of cell grow dynamic was also analyzed in all NP and control 
subjects. The results showed that there was no significant correlation between 
age and the values of CFE and doubling time (see Table 5.1). 







Age CFE (%) Doubling time 
    P0 P1 P2 P3 P0 P1 P2 P3 
1 NP M 54 10.5 22.1 13.4 3.8 33.1 19.8 32.3 76.1 
2 NP M 50 1.7 20.1 6.4 0.6 33.8 17.9 49.9 44.6 
3 NP M 46 0.7 6.2 5.6 NA 53.0 38.7 27.0 NA 
4 NP M 50 5.9 7.1 3.0 NA 36.5 22.3 42.8 NA 
5 Contr
ol 
M 25 7.3 35.3 18.8 12.9 16.9 13.3 16.4 22.1 
6 Contr
ol 
F 45 8.9 24.8 12.9 3.9 30.3 12.7 28.1 16.9 
7 Contr
ol 
M 42 21.7 28.6 18.7 12.5 14.4 15.2 19.7 21.6 
8 Contr
ol 
M 50 4.1 27.2 19.4 14.5 18.5 16.1 20.5 26.8 
Correlation with Age*  ns  ns ns ns ns ns ns ns 
1. This result have been published (Yu et al., 2014). 
 
Comparison between hNESPCs from NP and control tissues based on their 
morphology was also performed through serial passages. hNESPCs showed a 
similar morphologic character in colonies from NP and control cells in P0 and 
P1 (see Figure 5.2A). However, more “fried-egg” shape phenotype cells were 
seen from the cell cultures of NP tissues in both P2 and P3 than those from 




Figure 5.2. Clone morphology through serial passages in NP and healthy control.  
Representative staining pictures of colonies over subsequent passages in cultures from 
NP and controls (A) and “fried-egg” shape phenotype cells in hNESPCs from NP (B) 
(Original magnification 200×, this result have been published) (Yu et al., 2014). 
 
These cells were almost all β-galactosidase positive, showing a light blue 
staining mostly in perinuclear region, indicating more senescent cells in the 
colonies (see Figure 5.3). Although the CFE and doubling time were changed 
in cells from controls, the morphology pattern of hNESPCs in colonies 





Figure 5.3. Representative pictures showed the β-galactosidase staining in panel.  
A colony of P1 cells (A), in a colony of mitomycin C-induced P1 cells as a positive 
control for the staining (B), in the colonies of P3 cells from NP biopsies (C and D), in 
the colonies of P3 cells from a control sample (E; 200× magnification, this result 
have been published) (Yu et al., 2014). 
 
We further compared the growth and proliferation rate of hNESPCs isolated 
from NP and healthy controls. Doubling times, CFE and CyQUANT® assay 
were used to evaluate the cell proliferation. The results showed the cell number 
was increased following the culture period. Cells from control tissues 
proliferated more rapidly than those from NP tissues over subsequent passages, 
showing higher CFE values (difference from 11.3% to 8.5% through P1 to P3) 
(see Figure 5.4A) and shorter doubling times (difference from 6.5hr to 22hr 
through P1 to P3) (see Figure 5.4B). However, a significant difference in these 
two measurements existed mainly in cells from P1 and P2. In addition, the 
variations (based on standard deviation) of CFE and doubling time values were 




Figure 5.4. Comparisons of CFE and doubling time at each passage of the 
hNESPCs from NP versus healthy controls.  
Comparisons of CFE and doubling time were performed from P0 to P3. The value of 
CFE was given as a percentage (A) and the values of doubling time (hour) are shown 
in panel (B). Clustered column charts are shown with mean plus 95% confident interval 
(CI). Statistical analyses were performed with the linear mixed models. p values were 
considered significant at less than 0.05 (this result have been published) (Yu et al., 
2014). 
 
For CyQUANT® assay, a cell number standard curve (using the hNESPCs from 
same donors) was created in parallel with the experiment for converting sample 
fluorescence values into cell numbers. In addition, the growth dynamic (from 
P0 to P3) of NP-derived cells was slower than that of control cells (see Figure 
5.5), which were comparable to the trend by another two assays (CFE and 




Figure 5.5. Cell proliferation assay. 
Cell proliferation assay using CyQUANT® kit was performed in hNESPCs from NP 
and control samples during passage P0 to P3. Each data point was presented as mean 
± SE (this result have been published) (Yu et al., 2014). 
 
However, compared to CyQUANT® assay, CFE and doubling time assays may 
more suitable for our study because: 1) doubling time assay can monitor the cell 
proliferation dynamic at a clone level, i.e., we can follow to observe a clone 
from 4 cells, while CyQUANT assay measures the proliferation status in a 
whole cell population, so that the result of doubling time assay is more specific 
and representative; 2) CyQUANT assay doesn’t have a good liner detection 
range when the cell number is more than 20,000, because the fluorescence 
signal almost reach plateau when the cell number is more than 40,000; 3) we 
could not get large number of the cells which were isolated from clinical biopsy, 
and after the cells were observed for doubling time analysis, they were still used 
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in RNA extraction or staining, however, CyQUANT assay requires many cells 
to detect the cell number in different time points. 
 
2. Assessment of protein and mRNA expression of p63 and Ki67 
The immunocytochemistry results showed that all cultures were stained p63+ 
throughout the four passages and there was no obvious difference of p63 
expression between cells from NP and those from healthy controls (see Figure 
5.6A). In hNESPCs from controls, Ki67 protein expression continued to be 
intensively stained and the percentage of Ki67+ cells among p63+ cells in the 
colonies remained steady over continual passages (median value, range from 
77% to 93% through P1 to P3) (see Figure 5.6A and B). However, in hNESPCs 
from NP biopsies, the ratio of Ki67+ among p63+ cells was significantly lower 
in P2 and P3 as compared to those cells from controls and the percentage of 
Ki67+ over p63+ cells decreased from P1 to P3 (median value, 84%, 61%, and 




Figure 5.6. Comparisons protein levels of p63 and Ki67 at different passages of 
the hNESPCs from NP versus healthy controls.  
Comparisons protein levels of p63 and Ki67 from P0 to P3 of the hNESPCs from NP 
versus healthy control. p63 (red) and Ki67 (green) protein levels were determined by 
means of immunofluorescence assay. Line charts are shown with medium ± 
interquartile range. Representative Pictures show the p63 or Ki67 single-positive cells 
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and p63 and Ki67 double-positive cells. (Original magnification ×200, this result have 
been published) (Yu et al., 2014) 
 
Expression of p63 mRNA was almost constant from P0 to P1 in both NP and 
control cell cultures. The difference of p63 mRNA levels was not significant 
between cells of NP and controls from P0 to P2 (see Figure 5.7). The Ki67 
expression level decreased from P1 to P2 in cells from NP and control samples. 
In addition, Ki67 mRNA level was lower in hNESPCs from NP as compared to 
controls in P1 (1.5 fold, a borderline significant trend, p = 0.05) and P2 (2.1 fold, 
approaching borderline of significance, p = 0.07) (see Figure 5.7). No RNA 
analysis was made in P3 due to the small number of cells collected in P3. 
 
Figure 5.7. Comparisons mRNA of p63 and Ki67 at different passages of the 
hNESPCs from NP versus healthy controls.  
Comparisons mRNA of p63 and Ki67 from P0 to P3 of the hNESPCs from NP versus 
healthy controls. All target mRNA relative expression levels were given as ratios of 
PGK1 transcript levels. Line charts are shown with mean ± SE. p63 and Ki67 mRNA 
levels were determined by means of real-time RT PCR (this result have been published) 
(Yu et al., 2014). 
 
3. Evaluation of staining patterns of p63 and Ki67 in nasal tissues 
To explore the proliferation status of nasal basal epithelial basal cells in vivo, 
we further analyzed expression levels of p63 and Ki67 in nasal mucosa from 
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the same NP and control subjects. p63 IHC staining was confined to the basal 
cells and p63+ cells increased in NP epithelium when compared with those in 
healthy controls (see Figure 5.8).  
 
Figure 5.8. Expression of p63 and Ki67 proteins 
Protein expression of p63 and Ki67 were determined by means of IHC (Original 
magnification ×200, this result have been published) (Yu et al., 2014). 
 
Staining for Ki67 was also mostly restricted to the basal cells in control 
epithelium. Interestingly, Ki67 positive cells percentage decreased in the 
hyperplasia areas of NP epithelium as compared to control epithelium (see 




Figure 5.9. Expression of p63 and Ki67 proteins in the nasal mucosa of healthy 
control subjects and patients with NP.  
Expression of p63 and Ki67 proteins determined by means of the percentages of IF 
positive cells in the nasal mucosa of representative healthy control subjects and patients 
with NP. The percentages of Ki67+ cells (green) among p63+ (red) cells are shown in 
mean values in the staining pictures (A). Comparison of Ki67+ among p63+ cell 
percentage between NP and control tissues. The data are present as percentage (median, 
25th-75th percentile) in the plot (B; original magnification× 200, this result have been 
published) (Yu et al., 2014). 
 
Similarly, the percentage (median, 25th-75th percentile) of Ki67+ cells among 
p63+ cells was significantly lower (p < 0.001) in the hyperplasic NP epithelium 
(7.3%, 4.3%-9.9%) than in healthy controls (13.1%, 11.4%-17.3%) by IF 





Although Th2-skewed eosinophilic dominated inflammation is the important 
pathological feature in NP, emerging evidence suggests that nasal epithelium 
plays an active role in the immune pathological changes, dysregulation of host 
defense and tissue remodeling in NP. It is not yet possible to distinguish 
between cause and effect during epithelium remodeling, nor are there clear roles 
for the many factors involved in respiratory infections and inflammatory 
diseases, due to a lack of critical information about epithelial cell responses. 
Most reported data are from lower airway studies or animal models. Therefore, 
research based on hNESPCs can help illuminate the pathophysiology of nasal 
airway disease from a different, more specific perspective. From above results, 
they demonstrated that the nasal epithelial stem or progenitor cells from NP 
mucosa are intrinsically abnormal both in proliferation. 
 
Basal cells are considered to be the adult stem cells in the airway that play a 
critical role in epithelial repair (Rock and Hogan, 2011; Rock et al., 2010). To 
date, most in vitro studies on airway epithelial cells used an air liquid interface 
(ALI) culture which contains mainly differentiated ciliated cells and goblet cells, 
but less basal epithelial basal cells (Lai et al., 2011). To our knowledge, this is 
the first study showing the growth properties of the hNESPCs derived from NP 
tissues versus those from healthy controls in vitro. We have successfully 
120 
 
compared these two different originated hNESPCs over four subsequent 
passages and found that the cells isolated from NP epithelium exhibited lower 
growth and proliferative dynamics than the healthy controls. In addition, the 
distributions of CFE and doubling time values were more dispersed from P1 to 
P3 in NP hNESPCs, implying the heterogeneity of growth patterns in NP 
isolated cells. We also found that the expression level of basal cell markers p63 
as well as KRT5 were stable in colonies cultured from NP and control 
epithelium throughout all passages, indicating the stem or progenitor epithelial 
cell linage. Ki67 is a proliferation marker and is considered to drive cell cycle 
progress with a peak expression during mitosis (MacCallum and Hall, 2000). 
Even the cells in colonies consistently expressed p63, while there was a 
decreased proportion of Ki67+ cells in p63+ cells which was significant in NP 
epithelium, but it remained consistent in the colonies from the healthy controls.  
 
In addition, there were more senescent cells found in P2 and P3 cultures from 
NP biopsies compared to those from controls. Similar results were also obtained 
from quantitative PCR assays, showing a stable p63 mRNA level but with a 
decreased Ki67 level through P0 to P1 in all cell cultures, and Ki67 expression 
was further lower in cells derived from NP biopsies as compared to the controls. 
These results were concordant with the observation of CFE and doubling time 
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in cell cultures, supporting the evidence of reduced growth and proliferation 
potential in hNESPCs derived from NP epithelium. 
 
Dysregulation of basal airway epithelial basal cells can cause the aberrant 
remodeling process (e.g., basal cell hyperplasia, goblet cell hyperplasia, and 
squamous metaplasia) (Li et al., 2009; Rock and Hogan, 2011). Our previous 
study found that p63 expression levels were higher in epithelium from patients 
with NP than in healthy controls, and it was associated with the severity of 
epithelial hyperplasia (Li et al., 2011). In addition, our tissue staining results of 
p63 and Ki67 showed a lower percentage of Ki67+ cells among p63+ cells in 
the hyperplasia or metaplasia area of NP epithelium as compared to healthy 
mucosa, implying a limited extent of epithelial restitution in NP. Our results are 
in line with the findings of decreased expression of proliferation markers (Ki67) 
in the epithelium of asthmatic children (Fedorov et al., 2005). However, the p63 
staining extent was similar in the cells from NP and control samples. This 
discrepancy in p63 staining pattern between tissues and cell cultures is mainly 
attributed to the different microenvironment in in vivo and in vitro condition, as 
there may be crosstalk between epithelial basal cells and other sub-epithelial 
cells (e.g., fibroblasts and leukocytes) via a variety of signaling pathways in 
nasal mucosa. Nonetheless, all these in vitro and in vivo data suggest that 
although the basal cells are p63 positive, it might not mean such cells could 
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perform a normal physiological function (e.g., cell differentiation) or respond 
properly to the damage (e.g., epithelial repairing) in chronic inflammatory 
tissues, indicating that the nasal epithelial basal or stem or progenitor cells from 





5.2. Pathology change of hNESPCs from NP biopsies in ALI culture system  
5.2.1. Results 
After a reduced growth rate was found in hNESPCs from NP patients, we 
wondered whether there would be any difference in the differentiation property 
of cells from NP biopsies and healthy controls. In Chapter 4, we explore the 
decreased differentiation ability of cells from healthy controls, especially P3 
cells, after several passages. On the other hand, in healthy controls, the cells 
from P0 and P1 showed no difference in beating cilia appearance time or 
frequency. Moreover, more P1 cells could be harvested than P0 cells. Therefore, 
in this study, we used cells from P1 to compare the differentiation ability of NP 
biopsies and healthy controls. 
 
1. Patients’ characteristics 
Patients’ characteristics and IHC findings of the study subjects are summarized 
in Table 5.2. Among them, paraffin-embedded sections were not available (n=2) 
or had poor epithelial structure (n=3) in four NP patients and in one healthy 
control. Asthma (27%), tissue eosinophilia (73%) and neutrophilia (45%) were 
all found to be more common in NP patients than in healthy controls (0/10, 20% 
and 10%, respectively). Epithelial hyperplasia was found in all biopsies from 
NP patients and in two patients was accompanied with metaplasia, but only one 
control tissue showed hyperplastic epithelium.  
124 
 
Table 5.2. Patients’ characterestics and histopathologic patterns 
  Healthy controls NP Patients  p value 1 
Sample Size (N) 10 11 NA 
Medium age (y[range] 24.5 (20-41) 50 (24-64) <.001 
Gender (M/F) 9/1 9/2 ns 
Asthma 0 3 ns 
Allergy 6 7 ns 
Smoker 1 1 ns 
Epithelium structure2 n = 9 n = 7  
Hyperplasia3 1 7 0.001 
Squamous metaplasia4 0 2 ns 
Inflammatory cells5 n = 9 n = 10  
  Eosinophilic 2 8 0.023 
  Neutrophilic 1 5 0.057 
Medium cilia appear 
(d[range]) 
22(18-33) 22(17-26) ns 
NA, Not applicable; ns, not significant. 
1. The level of significance was evaluated by using the Fisher exact test. A p value of 
less than 0.05 was considered statistically significant. 
2. Among them, paraffin-embedded sections were not available (n = 2) or with poor 
epithelial structure (n = 3) in 4 NP patients and in 1 healthy controls. 
3. Epithelium with more than 4 layers was defined as “epithelial hyperplasia”. 
4. Squamous metaplasia was determined by the evaluation of appearance of stratified 
squamous epithelium. 
5. The results of cell counting were shown as mean percentages, which are described 
in detail in the Methods section. Infiltration of eosinophils/ neutrophils in nasal tissues 
was categorized as eosinophilia or neutrophilia when the percentage of eosinophils or 
neutrophils exceeded 10%, respectively. 
 
2. TEER measurement 
For most primary nasal epithelial cell cultures without purified stem or 
progenitor cells, the cilia growth and function were usually related to cell 
density and polarization. In our in vitro culture system, before the cells were 
transferred into ALI culture, they were identified as stem or progenitor cells, 
which do not have polarization. Meanwhile, the same density of hNESPCs from 
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NP biopsies and healthy controls were seeded into the ALI culture. Anyway, we 
also performed a transepithelial electrical resistance (TEER) measurement to 
find out whether the cell density or polarization had any difference in the cells 
from NP biopsies as compared to healthy controls. There was no significant 
difference of TEER measurements between the six NP patients and the seven 
healthy controls in the ALI cultured cells from Day 0 to Day 35±2 (see Figure 
5.10). In the weekly follow-up TEER measurements, from Day 0 to Day 35±2, 
NP cells and healthy controls showed a similar pattern. TEER was low at the 
day zero (NP: 101.7 ohms.cm2 [85.96-110.8 ohms.cm2] vs. controls: 90.16 
ohms.cm2 [85.77-116.9 ohms.cm2]), it increased to reach a plateau from 2 weeks 
to 35 days (NP: 588.2 ohms.cm2 [483.3-640.5 ohms.cm2] vs. Controls: 632.9 
ohms.cm2 [603.2-676.9 ohms.cm2]). 
 
Figure 5.10. TEER of cells from NP and healthy control in ALI culture. 
The follow-up of TEER was performed from the day 0 to 35 of the cells in ALI culture 





3. The change of a panel of genes related to hNESPCs and differentiated 
epithelial cells before and after ALI culture 
A panel of genes related to hNESPCs and differentiated epithelial cells was 
evaluated for their mRNA levels before and after ALI culture (see Table 5.3).   
 
We collected mRNA of P1 progenitor cells from eight NP biopsies and ten 
healthy controls and screened the markers for stem cells, cell proliferation, 
ciliated cells, and goblet cells using real-time PCR. As shown in Table 5.3, 
mRNA expression of three stem cell markers (p63, KRT5, and Notch1) was not 
significantly different between NP and control derived hNESPCs. Ki67, which 
represents cell proliferation, still showed a significantly higher mRNA level 
(1.89 fold) in cells from NP biopsies than in controls after increasing sample 
size, which is consistent the results from the last chapter.  
 
Except CP110, which was significantly down-regulated (1.96 fold) in the NP 
biopsies versus the control samples, the other two ciliated cell genes (Foxj1 and 
TAp73) had a very low expression level in the progenitor stage and did not have 
any difference between NP and control samples. Three membrane associated 
mucin genes (MUC1, MUC4, and MUC16) were significantly up-regulated in 
hNESPCs from the NP biopsies as compared to the control samples at 5.86 fold, 
12.04 fold, and 7.15 fold, respectively. The expression of the secretion mucin 
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(MUC5AC) was extremely low in both NP and control derived cells with no 
statistical difference. 
Table 5.3. Comparison mRNA expression level in cells from NP and healthy 
controls before differentiation. 
Genes mRNA 
expression 
Progenitor cells [medium (25-75%)] 
NP (N = 8) Control(N = 10) p value 
Stem cells 
p63 0.51 (0.42-0.59) 0.48 (0.42-0.69) ns 
KRT5 11.78 (8.82-16.68) 10.07 (7.70-19.32) ns 
Notch1 0.12 (0.08-0.14) 0.12 (0.08-0.27) ns 
Cell proliferation 
Ki67 0.14 (0.08-0.19) 0.26 (0.18-0.40) 0.02 
Ciliated cells 
Foxj11 0.0003 (0.0001-0.0009) 0.0001 (0.00008-0.0003) ns 
TAp73 0.0006 (0.0004-0.001) 0.0009 (0.0002-0.002) ns 
CP110 0.008 (0.006-0.009) 0.015 (0.012-0.016) 0.001 
Goblet cells 
MUC5AC2 0.0004 (0.0002-0.0056) 0.0002 (0.00008-0.00024) ns 
MUC1 0.46 (0.12-0.57) 0.08 (0.03-0.13) 0.008 
MUC4 0.03 (0.00991-0.036) 0.002 (0.001-0.017) 0.004 
MUC16 0.019 (0.007-0.03) 0.003 (0.0009-0.007) 0.003 
ns, no significant 
1. Foxj1 was undetectable in the progenitor cells from one healthy control and one 
patients with NP 
2. MUC5AC was undetectable in the progenitor cells from three healthy control and 
three patients with NP 
 
The mRNA of these cell markers was also evaluated at the end of differentiation 
(D35 after ALI culture). Stem cell markers p63, KRT5 and Notch1 decreased 
and showed no difference between hNESPCs from NP biopsies and healthy 
controls (see Table 5.4). Meanwhile, cell proliferation marker Ki67 also 
decreased after differentiation, and there was no difference between cells from 
NP biopsies and healthy controls. Although all the goblet cell markers increased 
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after 35 days in ALI culture, the differences between progenitor cells from NP 
biopsies and healthy controls disappeared until full differentiation. Interestingly, 
ciliogenesis associated markers (CP110, Foxj1 and TAp73) showed a higher 
level in cells from NP biopsies compared to healthy controls at the end of 
differentiation, indicating cells from NP biopsies could be differentiated into 
more ciliated cells than healthy controls. However, this finding was not reported 
by any clinical research on NP. Therefore, we further traced the markers at 




Table 5.4. Comparison of mRNA expression level in cells from NP and healthy 
controls aftter differentiation.  
Genes mRNA 
expression 
D35 after ALI culture [medium (25-75%)] 
NP (N = 8) Control (N = 10) p value 
Stem cells 
p63 0.14 (0.1 -0.25) 0.16 (0.14-0.30) ns 
KRT5 2.39 (1.97-3.28) 1.83 (1.04-2.75) ns 
Notch1 0.12 (0.08-0.14) 0.12 (0.08-0.27) ns 
Cell proliferation 
Ki67 0.03 (0.025-0.05) 0.05 (0.03-0.06) ns 
Ciliated cells 
Foxj1 1.08 (0.66-8.31) 0.38 (0.21-0.81) 0.019 
TAp73 0.02 (0.007-0.032) 0.002 (0.001-0.012) 0.006 
CP110 0.04 (0.01-0.05) 0.02 (0.007-0.035) 0.044 
Goblet cells 
MUC5AC 0.007 (0.003-0.038) 0.01 (0.004-0.02) ns 
MUC1 3.01 (2.37-4.20) 4.30 (2.27-5.26) ns 
MUC4 0.18 (0.12-0.25) 0.23 (0.09-0.32) ns 
MUC16 0.23 (0.09-0.36) 0.26 (0.05-0.41) ns 
ns, no significant 
 
4. Appearance of beating ciliated cells from hNESPCs of NP biopsies and 
healthy controls in the ALI culture 
After tracing the morphology change of hNESPCs in ALI culture each week 
using a microscope, the number of days that beating ciliated cells appeared was 
observed both in the cells from NP biopsies and healthy controls. There was no 
difference in the number of days when beating cilia appeared between the cells 
from NP patients and controls (see Figure 5.11). In addition, beating cilia could 
be found after Day 21 of the ALI cultures in most of the samples (NP, n = 11; 
control, n = 10; see Figure 5.10). Day 21 was set as one key point to estimate 
cilia appearance. Mucus began to be secreted after ten days in the ALI culture 
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system. Thus, Day10 was set as one point to evaluate the protein level of goblet 
cells. 
 
Figure 5.11. The number of days when beating ciliated cells were appeared in the 
cells from NP patients and controls. 
 
5. Assessment of protein and mRNA expression of stem cell marker 
The change of basal cells during differentiation was evaluated by staining of 
p63 (see Figure 5.12A and B). Overall, p63+ cells gradually decreased from 80% 
to 1% in the ALI culture following the differentiation process from both NP 
patients and controls. There was no significant difference in the p63+ cell 




Figure 5.12. Basal or stem cells in differentiation of culture human NESPCs.  
Basal or stem cell markers were evaluated at 4 different time points from Day 0 to Day 
35 of ALI culture by IF staining. p63+ cells (red) were gradually decreased during 
differentiation process both in the hNESPCs from healthy control subjects and NP 
biopsies (A, B, 600× magnification). p63+ cell percentage was calculated in three 
healthy control subjects and four NP biopsies, it showed a reduce trend of basal or stem 
cells after starting culture in ALI (C). 
 
The mRNA levels of basal or stem cell markers, including p63, KRT5, and 
Notch1, were determined at six different time points (Progenitor [Pr], D7, D10, 
D14, D21, and D35) for the NP and controls ALI cultures. Consistent with the 
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staining results, these stem cell genes showed a decreasing trend in mRNA 
levels during differentiation of both NP and control samples (see Figure 5.13).  
 
Figure 5.13. mRNA expression of stem and cell proliferation markers. 
Stem cell markers p63 (A), KRT5 (B), and Notch1(C) showed a decrease in hNESPCs 
from ten NP biopsies and eight healthy control subjects after culturing in ALI by real-
time PCR 
 
6. Assessment of protein and mRNA expression of goblet cell marker 
The major secreted mucin (MUC5AC) in the human respiratory tract was used 
to identify the differentiation of goblet cells in the ALI culture model. IF 
staining of MUC5AC showed that goblet cells first appeared around D10, 
earlier than the appearance of cilia (D21; see Figure 5.14A and B). The staining 
extensity of MUC5AC increased following differentiation, and the MUC5AC 
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positive area was significantly higher in cells from NP biopsies than from 
control samples on D10 (2.33 fold) and D35 (3.99 fold; see Figure 5.14C).  
 
Figure 5.14. Goblet cells in differentiation of culture human NESPCs. 
MUC5AC+ cells were first appeared around Day 10 with a clear and bright structure 
after culturing in ALI, and increased in number in the following days in hNESPCs from 
NP biopsies and healthy control subjects (A, B ×600 magnification). After evaluating 
the MUC5AC+ area in six NP biopsies and three healthy control subjects, NP cells had 
an overexpression of MUC5AC both at Day 10 and Day 35 as compared to healthy 
control (C). 
 
Fold changes of mRNA levels of mucin genes including MUC5AC and other 
three common surface mucins (MUC1, MUC4, and MUC16) were evaluated at 
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several differentiation time points and compared to the progenitor stage, which 
served as baseline. All mucin genes were gradually up-regulated in nasal 
epithelial cells from progenitor to differentiation stages. Because the MUC5AC 
signal could not be detected in the progenitor cell stage for three healthy controls 
and three NP biopsies, the fold change of the MUC5AC mRNA only performed 
in seven healthy controls and five NP biopsies. The fold change of the 
MUC5AC mRNA level at multiple time points was not different between NP 
and control derived cells. The three membrane-tethered genes showed 
significantly higher fold changes in mRNA expression at all differentiation time 
points in control versus NP cells (see Figure 5.15). The significant fold change 
in membrane-tether genes after differentiation in healthy controls may be 
caused by the low expression in healthy controls at the progenitor cell stage, as 
mentioned in the previous section. The fold change, to some extent, reflected 
the response of cells to the change of environment. When hNESPCs were 
transferred into the ALI culture, the cells faced to a tremendous change of 
environment. The slope of membrane-tethered genes exhibited a shape trend 
when cells from healthy controls were transferred into the ALI, unlike the NP 
cells, indicating that cells from healthy controls had quicker responses to 




Figure 5.15. mRNA expression of goblet cells. 
 
7. The change of ciliated cell morphology and ciliogenesis associated markers 
Because of the limited size of some tissue biopsies in both NP and control 
patients, not all specimens could be utilized for every analysis (see details of 





Table 5.5. Summary of the number of the materials used in vitro experiments 
 
1) Assessment of cilia morphology and length in hNESPCs from NP biopsies 
and healthy controls at the end of differentiation 
βIV-tubulin, which is used to stain cilia structure, was used to evaluate the 
ciliated cell differentiation pattern in ALI culture. Cilia started to appear around 
D21 and reached greater confluence on D35 (see Figure 5.16A and B). The cells 
from NP biopsies showed more dense cilia area on both D21 (1.66 fold; p = 
0.026) and D35 (3.88 fold; p < 0.001) as compared to healthy controls (see 
Figure 5.16C). 
Materials & Experiments Control 
(N = 10) 
NP 
(N = 8) 
 Transwell membranes   
     Measurement of cilia area 5 5 
 Cytospin sections   
     Measurement of cilia length 5 7 
     Percentage of ciliated cells 5 7 
 RNA   









 CBF   




Figure 5.16. Ciliated cells in differentiation of culture human NESPCs. 
βIV-tubulin+ cells were firstly appear around 21days after culturing in ALI and reached 
to a hair-like structure after 35 days culture in hNESPCs from NP biopsies and healthy 
control subjects (A, B, 600×  magnification). After evaluating βIV-tubulin+ area, 
hNESPCs from five NP biopsies formed more cilia as compared to those from five 
healthy control subjects both at day 21 and day 35 (C). 
 
In three-dimensional (3-D) pictures generated by IF (see Figure 5.17), the 
ciliated cells (35±2 days in ALI) from NP patients showed an asymmetrical and 
disorganized appearance (top view), with longer and denser cilia (side view) 




Figure 5.17. 3D images showed top and side views in cells in ALI. 
Pictures were taken at 600× orignal amplifications. These results have been published 
(Ying Ying Li., 2014) 
 
The SEM examination also performed on ciliated cells (35±2 days in ALI) 
derived from hNESPCs form both healthy controls (see Figure 5.18 A) and NP 
biopsies (see Figure 5.18 B) in order to observe the intensive structure of cilia 
differentiated from NP and healthy controls cells. 
 
Figure 5.18. SEM pictures of transwell membranes of the cells from NPs and 
controls at the end of differentiation.  
After 35±2 days cultured in ALI, cilia were observed by SEM (1500× amplifications) 





A dense, long cilia structure could also be observed in the cells differentiated 
from three of the NP biopsies by SEM. Therefore, the cilia lengths were 
quantitatively evaluated in the cytospin sections of the cells from NP biopsies 
and healthy controls after 35 days in the ALI culture. In comparison to the 
controls, the cilia length in detached differentiated ciliated cells cultured from 
NP biopsies were poorly organized and densely cluttered around their respective 
epithelial cells (see Figure 5.19A and B). The cilia lengths were 5.21±0.37 μm 
and 9.20±0.56 μm (p < 0.0001, see Figure 5.19C) in healthy controls and NP 





Figure 5.19. Longer and disorganized cilia pattern in NP cells in ALI culture. 
After 35±2 days cultured in ALI, cilia were observed by IF (400× amplifications) in 
NP cells (B) and healthy controls (A). Statistical analysis was performed in NP cells 
and healthy controls in cilia length and cilia area and CBF (C and D). Scale bar =20 
μm. These results have been published (Ying Ying Li., 2014). 
 
We also found more cilia per cells in the cells from NP biopsies than in the 
healthy controls. One question was whether the increase of cilia density was 
caused by more cilia in one ciliated cells or by the increased number of ciliated 
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cells. Hence, we calculated the number of ciliated cells after full differentiation. 
After full differentiation (35±2 days ALI culture), the percentage of ciliated 
cells (βIV-tubulin positive cells) was counted and no significant difference was 
found between control subjects (14.76±2.20%) and NP patients (16.38±1.58%; 
see Figure 5.20A). This result confirmed that while there was an increase in the 
number of individual cilia per ciliated cell, the total number of ciliated cells did 
not differ between NP biopsies and controls. 
 
Figure 5.20. Comparisions of percentage of cilated cells and CBF in the cells from 
NPs and controls at the end of differentiation. 
Statistical analysis was performed in NP patients and healthy controls in ciliated cell 
percentage (A) and CBF (B). These results have been published (Ying Ying Li., 2014). 
 
As a result, cells from NP biopsies could differentiate into ciliated cells with 
more cilia, but there was no increase in the number of ciliated cell compared to 
cells from healthy controls. However, whether these ciliated cells with density 
and longer cilia had any dysfunction had to be confirmed by ciliary beating 




CBF was measured by the SAVA system in ALI culture (35±2 days), was 76% 
slower (5.20±0.48 Hz) in NP patients (who were randomly selected) than in 
healthy controls (9.14±0.59 HZ) (p = 0.01), suggesting that these disturbed cilia 
also affected mucociliary functions (see Figure 5.20B) in patients. Taken 
together with the results from ciliogenesis associated genes at the end of 
differentiation, these data indicated an ectopic cilia morphology, ciliogenesis 
and cilia function in NP derived cells in the ALI culture. 
 
2) Assessment of mRNA level of ciliogenesis associated markers during 
differentiation 
The ciliogenesis associated markers showed a higher level at the end of 
differentiation in the cells derived from NP biopsies as compared to cells from 
the healthy controls. Thus, mRNA level of these three genes associated with 
ciliogenesis (Foxj1, TAp73 and CP110) was determined at multiple time points 
during the differentiation (see Figure 5.21). The fold changes (normalized by 
the mRNA level in progenitor status) of these three markers gradually increased 
following the differentiation days in epithelial cells from the NP biopsies. 
However, in the cells from the controls, CP110 did not show any significant 
change in mRNA expression from the progenitor to the differentiated stage. 
Only Foxj1 and TAp73 presented an up-regulation trend throughout the 
differentiation. These genes were also compared in NP versus control derived 
143 
 
cells. In the early differentiation time points (D7 and D10), there was no 
significant difference in the fold changes of Foxj1, TAp73 and CP110 between 
NP and control samples. From middle to late differentiation days (D14, D21, 
and D35), the fold changes in expression levels of these three genes 
progressively increased to a much greater extent in NP derived cells compared 
to controls (see Figure 5.21). In addition, the relative mRNA levels of the three 
genes were also significantly higher on D35 (the end point of differentiation) in 




Figure 5.21. mRNA expression of ciliogenesis associated markers.  
The mRNA expression levels of ciliogenesis associated markers were compared 
between cells from NPs and controls during differentiation. (A, CP110; B, Foxj1; C, 
TAp73). Similar to the protein level, also showed a similar trend like staining in an 
increased sample size.  
 
In order to investigate whether these three ciliogenesis associated markers had 
any correlation with each other, statistic analysis was performed in all of the 
time points of differentiation. As shown in Figure 5.22, these three ciliogenesis 
145 
 
associated markers were all positively correlated with each other in mRNA 
levels in hNESPCs from NP tissues (see Figure 5.22D-F), but positive 
correlations in the healthy controls were only found in Foxj1 vs.TAp73 (see 
Figure 5.22B) and TAp73 vs. CP110 (see Figure 5.22C). 
 
Figure 5.22. Correlation between paired ciliogenesis associated markers.  
The mRNA correlation of these three ciliogenesis associated markers were analyzed 
between each other in vitro in NP cells (D-F) and healthy controls (A-C). 
 
3) Cell cycle and ciliogenesis 
Since the process of ciliogenesis is closely related to the change in cell cycle 
(e.g., CDK1 and CDK2) and we found that 15 cell cycle genes changed after 
differentiation by microarray (see Table 5.5), the mRNA level of cell cycle 




Table 5.6. The change of cell cycle genes after differentiation  
Gene Symbol Description Fold 
Change 
CCNA2 Cyclin A2  0.37 
CCNB1 Cyclin B1 0.53 
CCNB2 Cyclin B2 0.64 
CCNG1 Cyclin G1 0.59 
CCNL1 Cyclin L1 0.62 
CCPG1 Cell cycle progression 1 5.12 
CDK1 Cyclin-dependent kinase 1 0.62 
CDK19 Cyclin-dependent kinase 19 1.76 
CDKN3 Cyclin-dependent kinase inhibitor 3 0.49 
CHEK1 CHK1 checkpoint homolog (S. pombe) 0.43 
CDC14A CDC14 cell division cycle 14 homolog A (S. 
cerevisiae) 
2.15 
CDC42BPA CDC42 binding protein kinase alpha (DMPK-like) 1.86 
CDC42EP3 CDC42 effector protein (Rho GTPase binding) 3 2.04 
CDC6 Cell division cycle 6 homolog (S. cerevisiae) 0.55 
CDC7 Cell division cycle 7 homolog (S. cerevisiae) 0.60 
 
The mRNA level of proliferation marker Ki67 was gradually down-regulated 
throughout the differentiation process, and the extent of the decrease of Ki67 
was more significant in cells from control samples than in cells from NP 
biopsies on D7, D14, and D21 (see Figure 5.23A). Ki67 had a shaper decrease 
one week before ciliogenesis associated markers increased (D7-D10) in the ALI 
culture in hNESPCs from NP biopsies as compared to those from healthy 
controls. This phenomenon could have also occurred in two other cell cycle 
markers (see Figure 5.23 B and C), indicating that the ciliary impairment that 




Figure 5.23. mRNA expression of cell cycle markers.  
Ki67 (A), CDK1 (B) and CCNA2 (C) showed a shaper decrease between D7 and D10 
in hNESPCs from NP biopsies as compared to healthy control subjects after culturing 
in ALI by real-time PCR. 
 
For this reason, ciliogenesis associated markers (CP110, Foxj1 and TAp73) 





CP110 first appeared in the nucleus in the progenitor cells (see Figure 5.24A-
D), which was different from the pattern in ciliated cells (see Figure 5.24E-H). 
Since CP110 is also a centrosome protein, it may be involved in cell division.  
 
Figure 5.24. CP110 expression patterns in hNESPCs and differentiated cells. 
CP110 (red) were double staining with cilia (βIV-tubulin, green) in hNESPCs (A-D) 
and differentiated cells respectively (E-H, 400×amplifications). 
 
Interestingly, the expression pattern showed little difference in the resting cells 
(see Figure 5.25A-D) and mitosis cells (see Figure 5.25E-H). We found that 
CP110 transferred into the cytoplasm from the nucleus during mitosis.  
 
Figure 5.25. CP110 expression patterns in resting and mitosis hNESPCs. 
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CP110 (red) were double staining with cilia (βIV-tubulin, green) in resting cell (A-D) 
and mitosis cells in progenitor stage respectively (E-H, 400×amplifications). 
 
In order to find out whether CP110 had any correlation to cell cycle, the mRNA 
results from CP110 were analyzed by using Spearman r in hNESPCs from NP 
biopsies and healthy controls respectively. As shown in Figure 5.26A-C, CP110 
failed to find any statistic correlation with cell cycle markers in cells from 
healthy controls. However, it negatively correlated to Ki67 and CCNA2 in the 
NP biopsies (see Figure 5.26D-F), indicating that the aberrant expression of 
Ki67 and CCNA2 in NP cells may effect CP110. 
 
Figure 5.26. Correlation between CP110 and cell cycle.  
In the healthy controls, there was no statistic significant correlation between CP110 
and cell cycle makers (A-C). However, CP110 were found negtively correlated to Ki67 
and CCNA2 in the cells from NP (D-F). 
 
b) Foxj1 
Foxj1 was not found in the progenitor cells (see Figure 5.27A-D) and appeared 
in the nucleus of the ciliated cells after 21 days in the ALI culture (see Figure 
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5.27E-H). Corresponding to the finding from the literature review, our research 
confirmed that Foxj1 may be involved into the late stage of ciliogenesis. 
 
Figure 5.27 Foxj1 expression patterns in hNESPCs and differentiated cells. 
Foxj1 (red) were double staining with cilia (βIV-tubulin, green) in hNESPCs (A-D) 
and differentiated cells respectively (E-H, 400×amplifications). 
 
However, the results from Foxj1 mRNA showed a high correlation with Ki67, 
CDK1 and CCNA2 in healthy controls (see Figure 5.28A-C). Although Foxj1 
may not directly participate in the whole cell cycle, it may be related to the 
docking of the basal body, which occurs after exiting from mitosis. In the cells 
from NP patients, only Ki67 and CCNA2 were correlated with Foxj1 (see Figure 
5.28D and F). Unlike the positive correlation between Foxj1 and CDK1 in 
healthy controls, Foxj1 was negatively, but not significantly correlated to CDK1 




Figure 5.28. Correlation between Foxj1 and cell cycle.  
In the healthy controls, there were high correlation betweens CP110 and cell cycle 
makers (A-C). However, according to the results in NP (D-F), Foxj1 were found 
negtively but no siginicant correlated to CDK1. 
 
c) TAp73 
Similar to CP110, TAp73 was found in the nucleus of progenitor cells (see 
Figure 5.29A-D) but disappeared during differentiation until ciliated cells 
formed (see Figure 5.29E-H). As mentioned in Section 1.2.1, TAp73 may be 
involved in the early stage of ciliogenesis which relates to mitosis.  
 
Figure 5.29. TAp73 expression patterns in hNESPCs and differentiated cells.  
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TAp73 (red) were double staining with cilia (α-tubulin, green) in progenitor cell (A-D) 
and differentiated cells respectively (E-H, 400×amplifications). 
 
It also showed a vague pattern in cytoplasm during cell mitosis (see Figure 
5.30A-D) as compared to the pattern in the nucleus in resting cell (see Figure 
5.30E-H). 
 
Figure 5.30. TAp73 expression patterns in resting and mitosis cells. 
TAp73 (red) were double staining with cilia (α-tubulin, green) in resting cell (A-D) and 
mitosis cells in progenitor stage respectively (E-H, 400×amplifications). 
 
The results from TAp73 mRNA showed it negatively correlated to Ki67 and 
CCNA2 both in the cells from the healthy controls (see Figure 5.31A and C) 
and NP biopsies (see Figure 5.31D and F). However, no statistical correlation 
was found between TAp73 and CDK1 in either the healthy controls (see Figure 




Figure 5.31. Correlation between TAp73 and cell cycle.  
TAp73 negatively correlated to Ki67 and CCNA2 both in healthy controls (A and C) 




Following the study of hNESPCs growth, the abnormal differentiation of 
hNESPCs from NP patients was tested using the ALI culture. We investigated 
the differentiation properties of the hNESPCs derived from NP tissues versus 
those from healthy controls in vitro. The results demonstrated a higher density 
of cilia distribution and stronger mucus production in the differentiated cells 
from NP biopsies compared to the controls, as well as a change in the groups of 
ciliated or goblet cell associated markers. The current results also showed a 
steady decline of p63+ cells as well as the basal cell related genes (p63, KRT5 
and Notch1) in cells from both the NP and control samples from the progenitor 
to differentiation stages, confirming a decrease of proliferation potential 




Several mucin genes that represent goblet cell characteristics were evaluated in 
this study, including the secreted type (MUC5AC) and the membrane-tethered 
type (MUC1, MUC4, and MUC16). MUC5AC is a goblet cell specific marker, 
which is the primary component of mucus gel secreted by human airway 
epithelial cells. The intensity and extensity of MUC5AC staining gradually 
increased from D10 to late differentiation, and the staining level of NP derived 
cells appeared to be higher than the control at different observation time points. 
The NP epithelium is usually associated with goblet cell hyperplasia in vivo, 
and the in vitro staining results also demonstrated a similar pattern, indicating 
this may be one intrinsic abnormality of the NP epithelial cells. The MUC5AC 
mRNA level was not different between NP and control in both in vivo tissues 
and in vitro cell cultures. The discrepancy between mRNA and protein 
expression could be explained by three points: 1) MUC5AC protein is 
commonly secreted from goblet cells, but mRNA is extracted from intracellular 
level; 2) the complicated process of gene transcription and protein synthesis for 
the high molecular weight mucin protein has been reported in other studies (Lu 
et al., 2005); 3) the probes used to detect the gene only amplify a fragment of 
sequence, which may not reflect the protein expression level of MUC5AC (Kim 




The three best characterized airway membrane-tethered mucins expressed were 
also evaluated: MUC1, MUC4, and MUC16 (Hattrup and Gendler, 2008). The 
three surface mucins can interact with extracellular environment and transduce 
intracellular signaling pathways. In normal airway epithelium, they form an 
outer layer among the microvilli or cilia to create a barrier against pathogens 
(Kesimer et al., 2009). They also interact with signaling molecules to participate 
in the cell differentiation process (Bernacki et al., 1999). The membrane mucins 
expressed more abundantly than MUC5AC in hNESPCs in the progenitor stage 
and mRNA levels were higher in hNESPCs from NP tissues than those from 
controls. Although these mucin genes were up-regulated following 
differentiation in both NP and control derived cells, the fold-change of their 
mRNA levels was much higher from D7 in the cells cultured from controls than 
from NP biopsies. These results indicated that the surface mucins in hNESPCs 
from NP tissues have a slower response to the stimulation during cell 
differentiation, and the different expression patterns of the mucin genes between 
NP and controls may imply some molecular evidence underlying the intrinsic 
difference of NP epithelial cells. Whether the mucin expression pattern in NP 
cells is associated with any intrinsic defect in innate mucosal defense in NP 




The area of cilia distribution appeared denser and cilia length appeared longer 
in cell cultures from NP biopsies than from healthy controls, but the ciliated 
cells from the NP culture showed a slower CBF than the control, indicating the 
cilia function may be impaired in NP derived cells. The biological process of 
ciliogenesis begins with centriole multiplication followed by the inhibition of 
the spindle assembly (i.e., arrest of mitosis) and the splitting of centrioles and 
their docking under the plasma membrane in order to form the basal bodies for 
motile cilia elongation. Three ciliogenesis markers were further tested in the 
current study. CP110 and TAp73 are involved in the early stage of ciliogenesis 
(i.e., regulating spindle assembly and centriole docking) (Thomas et al., 2010; 
Tomasini et al., 2009), while Foxj1 is essential in the elongation of cilia length 
(Yu et al., 2008). In progenitor status, mRNA levels of TAp73 and Foxj1 were 
extremely low, indicating a minimum role of these genes in hNESPCs, while 
the expression level of CP110 was high, showing about 10-fold and 100-fold 
up-regulation than TAp73 and Foxj1 in hNESPCs from the NP and control 
samples, respectively, suggesting CP110 would participate in cell proliferation 
in hNESPCs (Chen et al., 2002; Tsang and Dynlacht, 2013). Furthermore, there 
was a significantly higher expression of CP110 in hNESPCs in controls versus 
the NP biopsies. This was in agreement with our previous findings on progenitor 
cells, which showed a faster growth dynamic of hNESPCs from control samples 
compared to NP biopsies. During the differentiation process in the ALI culture 
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system, mRNA levels of TAp73 and Foxj1 progressively increased in the cells 
from both NP and control samples. From D14, the extent of the mRNA up-
regulation was higher in the NP biopsies than the control samples. Interestingly, 
one week before ciliogenesis associated markers increased, cell cycle markers 
decreased with a shaper slope in the NP cells than the controls, indicating cell 
cycle markers may be involved in abnormal ciliogenesis in NP cells. CP110 
showed a pattern that was distinct from the other two genes during 
differentiation. In control samples, CP110 was consistently expressed 
throughout the differentiation; while in NP cells, CP110 was steadily up-
regulated following differentiation especially from D14. Therefore, the larger 
increment of mRNA expression in these three genes in NP cells compared to 
controls correlated with staining findings of cilia structure, which demonstrated 
a higher density of cilia distribution in the surface of ALI cultures from NP 
versus control, indicating an intrinsic difference in ciliogenesis of NP derived 
cells. Interestingly, all three markers displayed a sharp increase in mRNA levels 
from D14 in cells from NP biopsies, implying D14 could be an important time 
point for ciliogenesis and a transition from proliferation to differentiation in the 
ALI culture. In addition, the distinction of the CP110 expression profile in both 
progenitor and differentiation statuses suggests that this gene would play an 




Furthermore, after tracing the expression location and mRNA level of these 
three ciliogenesis associated markers both in progenitor cells and differentiated 
cells, we found that CP110 and TAp73 may be involved in the early stage, while 
Foxj1 mainly regulates ciliogenesis in the late stage (see Figure 5.32). The 
change of correlation between ciliogenesis associated markers and cell cycle 
markers in the cells from NP tissue further indicates that the abnormal 
regulation of the cell cycle that occurred in the NP cells may affect ciliogenesis 
(see Figure 5.32).  
 
Figure 5.32. Model of the change of cell cycle markers and ciliogenesis associated 
markers during differentiation.  
 
Unlike other ALI culture studies that used a mixture of basal and differentiated 
cells before the initial of ALI, we used hNESPCs as starting materials to observe 
the differentiation properties of nasal epithelial cells isolated from NP and 
control biopsies. The cell culture model from either control or diseased samples 
in this study was representative of the in vivo epithelial cell differentiation 
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process and could be regarded as a useful tool to study nasal airway biology and 
investigate the responses of nasal epithelial cells under different stimuli. 
 
5.3. Summary  
In conclusion, our study demonstrated significantly reduced growth and 
proliferation dynamics in hNESPCs from the NP epithelium. It also showed that 
the epithelial cells from NP were intrinsically different from the controls in 
terms of their differentiation properties. These intrinsic differences in growth 
and proliferation could be the main cause of the persistence and aberrant 
remodeling of NP. Furthermore, they may be associated with the impairment of 
mucociliary function in the aberrant remodeling of NP. 
 
As with the proliferation results from hNESPCs, we found a decreasing trend 
of proliferation in tissue sections from NP patients compared to those from 
healthy controls, indicating that the hNESPCs in our serum-free culture system 
could mimic the proliferation status of basal cells in vivo. However, the results 
from the ALI culture have not been proved in tissue sections. Whether the ALI 
culture of hNESPCs can reflect the true statues of functional cells in vivo 




Chapter 6. Impairment of ciliary architecture and ciliogenesis in 
hyperplasic nasal epithelium from NP biopsies  
In the last chapter, we found an increase of ciliogenesis associated markers in 
hNESPCs from NP as compared to healthy subjects. However, this finding is 
contradicted the results from the study of squamous metaplasia epithelium in 
NP tissue and primary cells (Lai et al., 2011; Rautiainen et al., 1991). In this 
chapter, we investigate the morphological pattern of motile cilia and 
ciliogenesis associated makers in primary nasal mucosal tissue from healthy 
subjects and NP patients. 
 
6.1. Results 
6.1.1. Patients’ histopathological characteristics 
Patients’ characteristics and IHC findings of the study subjects are summarized 
in Table 6.1. Tissue eosinophilia (66%, p < 0.0001) and neutrophilia (36%, p = 
0.004) were all more common in NP patients as compared to healthy controls. 
Epithelial hyperplasia was found in all biopsies from NP patients, but in only 





Table 6.1. Patients’ characteristics and histopathological patterns 
  Healthy controls  NP Patients  p value 1 
Sample Size (N) 38 44 NA 
Mean age (y[SE]) 34.20(2.18) 48.64 (2.05) <0.0001 
Gender (M/F) 29/9 35/9 ns 
Asthma2 0 9 0.005 
Allergy 10 9 ns 
Smoker 4 10 ns 
Epithelium structure  n = 31 n = 37  
Hyperplasia3 2 37 <0.0001 
Inflammatory cells 
count4  
n = 33 n = 44  
Eosinophilic 3 29 <0.0001 
Neutrophilic 3 16 0.004 
NA, Not applicable; ns, not significant. These results have been published) (Ying Ying 
Li., 2014). 
1. The level of significance was evaluated by using the Fisher exact test. A p value of 
less than 0.05 was considered statistically significant. 
2. Physician-diagnosed asthma with treatment of β2-agonist (n = 3) or β2-agonist plus 
GC inhaler (n = 2). 
3. Epithelium with more than 4 layers was defined as “epithelial hyperplasia”. 
4. The results of cell counting were shown as mean percentages, which are described 
in detail in the Methods section. Infiltration of eosinophils or neutrophils in nasal 
tissues was categorized as eosinophilia or neutrophilia when the percentage of 
eosinophils or neutrophils exceeded 10%, respectively. 
Fresh tissue specimens were prepared for different analyses: scanning electron 
microscopy (SEM), immunofluorescence (IF) staining, single cell (cytospin 
section) staining, quantitative real-time PCR. In order to compare the data from 
in vivo and in vitro, we increased the sample size of the ALI culture (NP: n = 
12; healthy controls: n = 14) for quantitative PCR analysis for ciliogenesis 
associated markers. Because of the limited size of some tissue biopsies in both 
NP and control patients, not all specimens could be utilized for every analysis 




Table 6.2. Summary of the number of the materials used in in vivo experiments 
These results have been published (Ying Ying Li., 2014). 
 
Figure 6.1 showed the structural appearance of the stratified columnar 
epithelium in healthy controls and aberrant epithelial remodeling in patients 
with NP by IF double staining for p63 (red) and TAp73 (green). After 
magnifying the hyperplasia area of NP (see Figure 6.1A), both p63 and TAp73 
positive cell layers were increased in the hyperplastic epithelium of NP patients 
(see Figure 6.1B) as compared to healthy controls (see Figure 6.1C). This is 
concordant with our previous findings that the mRNA expression levels of p63 
and TAp73 were increased in NP biopsies comparing with healthy controls (Li 
et al., 2011). 
Materials & Experiments Control 
(N = 38) 
NP 
(N = 44) 
Nasal tissues n = 35 n = 41 
 Paraffin sections   
     Measurement of cilia length & intensity 15 29 
     Staining of ciliogenesis associated markers  15 29 
 Cytospin sections   
  Measurement of cilia length 8 11 
  Percentage of ciliated cells 8 11 
 RNA   









Air liquid interface (ALI) cultures  n = 12 n = 14 






Figure 6.1. Over expression of TAp73 and p63 in NP epithelium.  
Hyperplasticepithelium from NP biopsies (B, one hyperplastic NP representative of the 
othersamples)) had more TAp73+ (green) and p63+ (red) cells compared to healthy 
controls (A, 400 ×amplifications; scale bar =20 μm; these results have been published) 
(Ying Ying Li., 2014). 
 
6.1.2. Cilia morphology and function 
Cilia morphology was evaluated by staining with βIV-tubulin (motile cilia 
marker) in sections from paraffin-embedded biopsies, cytospin sections from 




1. Cilia morphology under SEM 
As expected, normal cilia architecture was found in healthy controls (see Figure 
6.2A). In the NP biopsies abnormal cilia architectures (e.g., untidy, dense, and 
lengthened cilia) were clearly observed. Compared to the in vitro EM, the tissue 
from NP biopsies had more environmental stuffs on the surface of epithelium 
(see Figure 6.2B). 
 
Figure 6.2. SEM in fresh tissues from healthy control and NP biopsies.  
SEM was performed in healthy control (A) and NP biopsies (B, 1500× amplifications; 
these results has been published) (Ying Ying Li., 2014). 
 
2. Cilia length measurement in paraffin-embedded sections 
A medium (interquartile range) cilia length of 3.73 (3.50-4.27) μm was found 
in healthy controls (see Figure 6.3 A), while a significantly longer cilia length 
of 6.33 (5.51-7.43) μm was found (p < 0.0001) in the hyperplastic epithelium 
of NP patients (see Figure 6.3B). Total fluorescence intensity (TFI) of βIV-
tubulin showed a 1.59 fold increase (p = 0.035) in staining intensity of cilia in 
NP tissues as compared to the healthy controls. This suggests that there is either 
a higher density or longer length of cilia in the epithelial of patients with NP. 
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This suggests that there is either a higher density or longer length of cilia in the 
epithelial of patients with NP (see Figure 6.3 C and D).  
 
Figure 6.3. Longer and disorganized cilia pattern in NP paraffin sections in vivo.  
βIV-tubulin was stained in paraffin sections from NP patients (B) and healthy controls 
(A, 400× amplifications) with Dapi nuclear staining (blue). Statistical analysis was 
performed in NP patients and healthy controls in paraffin sections for cilia length (C) 




Notably two of the NP patients with epithelial metaplasia showed an absence of 
cilia structure on any cells (see Figure 6.4). Thus, we exclude these two samples 
and focused on the area with hyperplasia epithelium in other samples. 
 
Figure 6.4. Absence or rare cilia structure on the metaplasia epithelium in NP 
patients. 
Pictures were taken at 400× original amplifications 
 
3. Cilia length measurement in detached cilia cells (by cytospin) 
In isolated primary cells, cilia lengths from the healthy controls and NP cytospin 
sections were 4.89±0.24 μm and 6.55±0.23 μm (p < 0.0001), respectively (see 
Figure 6.5A), showing a 34% increase in NP biopsies (see Figure 6.5B and C). 
Although the cilia length as measured by cytospin was longer than in paraffin 




Figure 6.5. Longer and disorganized cilia pattern in NP primary cell cytospin 
sections in vivo.  
βIV-tubulin was stained in detached cells from NP biopsies (B) and healthy controls 
(A, 400× amplifications) with Dapi nuclear staining (blue). Statistical analysis was 
performed in NP biopsies and healthy controls in primary cell cytospin for cilia 
length (C) and ciliated cell percentage (D; these results have been published) (Ying 
Ying Li., 2014). 
 
4. Percentage of ciliated cells 
The percentage of ciliated cells (βIV-tubulin+ cells) showed no difference in 
the cytospin sections between NP patients (21.67±3.25%) and controls 
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(19.14±3.25%; see Figure 6.5D). These results indicate that the overall number 
of ciliated cells has not changed in NP biopsies, supporting that the increase in 
TFI relates to the overall cilia density or length on individual cells. 
 
6.1.3. Evaluation of cilia related marker 
Both protein and mRNA expression levels of the cilia related markers CP110, 




CP110 staining of normal epithelium from healthy controls showed a thin and 
bright pattern at the basal body of cilia (see Figure 6.6A), this differed from NP 
biopsies which clearly showed a thicker and more nebulous pattern in the basal 
body of their cilia (see Figure 6.6B). The TFI of CP110 measured in the 
hyperplastic epithelium from the NP patients, was 4.24 fold higher than in the 




Figure 6.6. CP110 protein level in tissue sections from healthy controls and NP 
biopies. 
CP110 (red) were evaluated by double staining with cilia (βIV-tubulin, green) in NP 
and control subjects respectively (A, B, 400×amplifications). Statistic analysis was 
performed in NP biopsies and healthy controls in TFI (scale bar =20 μm; cell nuclear 
were showed in blue; these results have been published) (Ying Ying Li., 2014) . 
 
In agreement with the protein result, CP110 mRNA expression level was also 
increased in NP biopsies as compared to healthy controls (1.56 fold; p = 0.026; 
see Figure 6.7A). The same trend was also found in fully differentiated ALI 
culture cells (35±2 days) with 2.48 fold higher expression in NP biopsies 




Figure 6.7. The comparision of mRNA of CP110 in NPs and healthy controls. 
The mRNA of CP110 was respectively compared between NP biopsies and control 




Foxj1 specifically stained nuclei of the upper-layer epithelial cells in both 
control and NP biopsies (see Figure 6.8A and B) and showed an increase of TFI 
in the hyperplastic epithelium of NP patients (1.68 fold; p =0.001; see Figure 
6.9A).  
 




Foxj1 (red) were double stained with cilia (βIV-tubulin, green) in NP and control 
subjects respectively (A, B, 400×amplifications). Scale bar =20μm, cell nuclear were 
showed in blue (these results have been published) (Ying Ying Li., 2014). 
 
Since Foxj1 stained on nuclear, cell counting was used to further confirm that 
increased Foxj1+ cells in the hyperplasia epithelium from NP as compared to 
healthy controls (2.54-fold; p < 0.0001; see Figure 6.9B). These two method 
had high correlation with each other, indicating that the TFI could also be used 
as one criterion for evaluating the cell nuclear markers (r = 0.82; p < 0.0001; 
see Figure 6.9C).  
 
Figure 6.9. Comparision of TFI and cell counting in evaluation of Foxj1 protein 
level. 
Statistic analysis was performed in NP biopsies and healthy controls in evaluation of 
Foxj1 protein level by TFI (A) and cell counting (B; these results have been published) 




Foxj1 mRNA expression levels were also found to be higher in biopsy tissue 
from NP patients than from the healthy controls (3.33 fold; p = 0.010; see Figure 
6.10A), as well as in fully differentiated NP ALI culture cells (4.75 fold; p = 
0.005; see Figure 6.10B). 
 
Figure 6.10. The comparision of mRNA of Foxj1 in NPs and healthy controls. 
The mRNA of Foxj1 was respectively compared between NP biopsies and control 




TAp73 like Foxj1 stained the nuclei of upper-layer epithelial cells in both 
controls and NP biopsies and showed an increased number of TAp73+ cells in 
the hyperplastic epithelium of NP biopsies as compared to the healthy controls 




Figure 6.11. TAp73 protein level in tissue sections from healthy controls and NP 
biopies.  
TAp73 (red) were double stained with cilia (βIV-tubulin, green) in NP and control 
subjects respectively (A, B, 400×amplifications). Scale bar =20μm, cell nuclear were 
showed in blue,these results have been published) (Ying Ying Li., 2014). 
 
TFI of TAp73 was significantly higher in the NP biopsies (7.98 fold; p < 0.0001; 
see Figure 6.12A) and cell counting also showed similar trend (3.29 fold; p < 
0.0001; see Figure 6.12B) and high correlation with TAp73 (r = 0.92; p < 0.0001; 




Figure 6.12. Comparision of TFI and cell counting in evaluation of TAp73 protein 
level. 
Statistic analysis was performed in NP biopsies and healthy controls in evaluation of 
TAp73 protein level by TFI (A) and cell counting (B, these results have been published) 
(Ying Ying Li., 2014). 
 
mRNA expression levels from tissues were also significantly higher in NP 
patients compared to healthy controls (1.63 fold; p = 0.016; see Figure 6.13A). 
Similarly, in fully differentiated epithelial cells (35±2 days in ALI) mRNA 
levels of TAp73 were 7.88 fold higher in NP biopsies than the healthy controls 




Figure 6.13. The comparision of mRNA of Foxj1 in NPs and healthy controls. 
The mRNA of TAp73 was respectively compared between NP biopsies and control 
subjects in vivo (A) and in vitro (B, these results have been published) (Ying Ying Li., 
2014). 
 
6.1.4. Cilia morphology and ciliogenesis associated markers in the adjacent 
inferior turbinate from NP patients 
Biopsies of the adjacent inferior turbinate from NP patients were collected as 
internal self-controls for IF staining and cell culture. Longer cilia (5.91±1.95um) 
were found in the hyperplastic epithelium of these self-controls as compared to 
the healthy controls (see Figure 6.14B). In addition, these samples from NP 
patients showed an increased percentage of total area covered by cilia in ALI 
(6.80±2.68%) (Figure 6.14A and C).   
 
Figure 6.14. Longer cilia pattern in paraffin and density cilia in ALI culture in 
biopsies of adjacent inferior turbinate from NP. 
Cilia pattern in differentiated cells form adjacent inferior turbinate from NP (A, 
600×amplifications). Statistic analysis were performed in cilia length in parraffin 
sections from adjacent inferior turbinate of NP (B) and also in cilia area from ALI 




IF staining of the ciliogenesis associated markers (CP110 and Foxj1) showed 
over-expression within the hyperplastic epithelium of the adjacent inferior 
turbinate from NP patients. No statistical analysis was performed due to a small 
sample size (see Figure 6.15A and B). 
 
Figure 6.15. CP110 and Foxj1 overexpressed in the hyperplasic epithelium of 
adjacent inferior turbinate from NP. 
CP110 and Foxj1(red) were double stained with cilia (βIV-tubulin, green) in biopsies 
of adjacent inferior turbinate from NP (A, B, 400×amplifications). Scale bar =20 μm, 
cell nuclear were showed in blue. These results have been published (Ying Ying Li., 
2014). 
 
6.1.5. Correlation between cilia length and cilia related markers 
1. Correlation between cilia length and cilia related markers 
Cilia length (both in NP biopsies and healthy controls) was positively correlated 
with the increased TFI of CP110 (r = 0.5408; p = 0.0002), Foxj1(r = 0.3301; p 
= 0.0267), and TAp73 (r = 0.6830; p < 0.0001; see Figure 6.16). As shown in 
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Figure 6.16, the red points with both longer cilia length and higher protein 
expression level represented the samples from NP biopsies, while the black one 
was stand for those from healthy controls. 
 
Figure 6.16. Correlation between cilia length and ciliogenesis associated markers. 
Ciliogenesis associated markers (CP110, A; Foxj1, B; TAp73, C) showed positive 
correlation to cilia length in NP biopsies (red) and healthy controls (Young et al.). 
These results have been published (Ying Ying Li., 2014). 
 
2. The correlation between three ciliogenesis associated markers 
In order to understand the relationship of these three ciliogenesis associated 
genes, correlation analysis was performed at mRNA level. 
 
1) CP110 vs. Foxj1 
CP110 was found to be positively correlated to Foxj1 both in the tissue from 
healthy controls and NP biopsies (Figure 6.17A and B). In healthy controls, 
Foxj1 had a moderate positive correlation with CP110 (r = 0.586; p = 0.0042), 
while a strong positive correlation was found in tissues from NP patients (r = 
0.736; p < 0.001). Tissue staining also showed a consistent increase in these two 
markers in the hyperplasia epithelium from NP biopsies (see Figure 6.17C). 
Since CP110 and Foxj1 play a role in different stages of ciliogenesis, it is 
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difficult to determine if this positive correlation was direct or indirect. A 
comparison of the in vitro data (Section 5.2.1) showed that, the positive 
correlation between CP110 and Foxj1 can also be found in cells from NP tissue, 
however no correlation could be observed in the cells from healthy controls. For 
tissue mRNA, most of the cells were fully differentiated while the cells from 
multiple time points of the ALI culture indicated the dynamic changes of cell 
differentiation. For this reason, the correlation results may have a little 
discordance between the in vitro and in vivo states. 
 
Figure 6.17. Correlation between CP110 and Foxj1.  
The mRNA correlation of these two ciliogenesis associated markers were analyzed in 
NP biopsies (B) and healthy controls (A). IF double staining of Foxj1 (green) with 
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CP110 (red), were performed in NP biopsies (D) and healthy controls (C, ×400 
amplifications). Scale bar =20μm, cell nuclear were showed in blue. These results have 
been published (Ying Ying Li., 2014). 
 
2) Foxj1 vs. TAp73 
Foxj1 were not correlated to TAp73 in the tissue from healthy controls (r = 
0.409; p = 0.0585; Figure 6.18A), and there was little positive correlation in 
those from NP biopsies (r = 0.416; p = 0.0483; see Figure 6.18B). Although the 
staining results showed the consistency of these two markers increased in the 
NP hyperplasia epithelium, some Foxj1+ cells were not TAp73 positive, 
indicating the functions of these two markers may have been different (see 
Figure 6.18C). However, when we traced the results in the differentiation 
process in the ALI culture, a strong positive correlation could be found in 
TAp73 and Foxj1, both in the cells from the NP tissues and from the healthy 
controls (Section 5.2.1). Since TAp73 is not only involved in cilia 
differentiation but also in cell growth and apoptosis, this positive correlation 
between TAp73 and Foxj1 in NP tissue, which could considered as fully 





Figure 6.18. Correlation between Foxj1 and TAp73.  
The mRNA correlation of these two ciliogenesis associated markers were analyzed in 
NP biopsies (B) and healthy controls (A). IF double staining of Foxj1 (red) with TAp73 
(green), were performed in NP biopsies (D) and healthy controls (C, × 400 
amplifications). Scale bar =20μm, cell nuclear were showed in blue. These results have 
been published (Ying Ying Li., 2014). 
 
3) TAp73 vs. CP110 
A positive correlation between TAp73 and CP110 could be found both in the 
tissues from healthy controls (r = 0.877; p < 0.0001; see Figure 6.19A) and in 
the NP tissues (r = 0.440; p = 0.0314; see Figure 6.19B). This positive 
correlation also occurred in the differentiation process in the cells from healthy 
controls and NP biopsies (Section 5.2.1). IF staining also confirmed a consistent 
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increase of in these two markers in NP epithelial hyperplasia (see Figure 6.19C). 
As mentioned in the literature review section, both TAp73 and CP110 played a 
role in the early stage of ciliogenesis, especially in centrioles duplication or 
multiplication and cell cycle regulation. According to the results of Section 
5.2.1, both TAp73 and CP110 were expressed in progenitor cells and had 
different patterns in resting cells and mitosis cells, indicating that these two 
markers may have interactions during ciliogenesis. 
 
Figure 6.19. Correlation between CP110 and TAp73.  
The mRNA correlation of these two ciliogenesis associated markers were analyzed in 
NP biopsies (B) and healthy controls (A). IF double staining of CP110 (red) with 
TAp73 (green), were performed in NP biopsies (D) and healthy controls (C; ×400 
amplifications). Scale bar = 20 μm, cell nuclear were showed in blue. These results 




6.1.6. Sub-group analysis 
Further analysis of the cilia length in paraffin and mRNA of ciliogenesis 
associated markers were performed in subgroup under patients past medical 
history (e.g., asthma and GC treatment) and inflammatory infiltration pattern 
(e.g., eosinophilia and neutrophilia). 
 
1. Asthma subgroup analysis 
Sub-group analysis didn’t show any significant difference in asthmatic patients 
as compared to those without asthma either in in vivo (Figure 6.20A-D) or in 
vitro (Figure 6.20E-H) settings. 
 
Figure 6.20. mRNA levels of ciliogenesis associated markers were compared in 
asthma subgroups in NP patients 
mRNA levels of ciliogenesis associated markers were compared in NP patients with 
and without asthma both in vivo (A-C) and in vitro (E-G). Cilia length measured from 
paraffin sections was compared in NP with asthma and those without asthma (D). 
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Comparison in CBF between cell cultures from NP patients with asthma vs. without 
asthma (H). These results have been published (Ying Ying Li., 2014). 
 
2. GC treatment subgroup analysis 
In addition, no statistical difference was found between GC-treated (n=9) or 
non-treated NP patients for cilia length either in primary tissue measurements 
or ALI culture. Additionally there were no differences between the three 
markers associated with ciliogenesis between GC-treated or non-treated patients. 
(Figure 6.21A-E). 
 
Figure 6.21. mRNA levels of ciliogenesis associated markers were compared in 
GC treatment subgroups in NP patients. 
mRNA levels of ciliogenesis associated markers were compared in NP patients treated 
with GC versus without GC treatment in vitro (A-C). Cilia length was compared in NP 
patients with and without GC treatment via paraffin staining (E). CBF measurement 
were also compared in NP patients treated with GC vs. without GC in vitro (D, these 




3. Eosinophilia subgroup analysis 
The cilia length measured in tissues and the mRNA levels of the three genes 
(Foxj1, CP110, and TAp73) associated with ciliogenesis were not significantly 
different between patients with eosinophilia versus non-eosinophilia (Table 6.3). 
Table 6.3. Eosinophilia subgroup analysis  
ns, no significant 
These results have been published (Ying Ying Li., 2014). 
 
4. Neutrophilia subgroup analysis 
The subgroup analysis was also performed in neutrophilic and non-neutrophilic 
group, and no significantly different in cilia length and mRNA levels of the 
three genes associated with ciliogenesis between these two groups (Table 6.4) 
  
 Eosinophilic NP  non-eosinophilic NP p value 




n = 15 n = 14  




n = 15 n = 7  
Foxj1 0.042(0.018-0.094) 0.058(0.029-0.181) ns 
CP110 0.012(0.008-0.016) 0.014(0.009-0.031) ns 
TAp73 0.003(0.002-0.007) 0.004(0.001-0.045) ns 
185 
 
Table 6.4. Neutrophilia subgroup analysis 
 Neutrophilic NP  non-neutrophilic NP p value 
Measurement of cilia 
length in tissue section 
[Medium (interquartile 
range)] 
n = 11 n = 18  




n = 10 n = 12  
Foxj1 0.064(0.019-0.183) 0.048(0.024-0.098) ns 
CP110 0.012(0.008-0.025) 0.012(0.009-0.018) ns 
TAp73 0.003(0.002-0.029) 0.004(0.001-0.015) ns 
ns, no significant 
These results have been published (Ying Ying Li., 2014). 
 
6.1.7. Impairment cilia dynein arm structures  
After we found ciliary impairment in the NP hyperplasia epithelium, we 
wondered whether the structure of the cilia (e.g., dynein arms) exhibited any 
abnormality. As one of the most important proteins in the outer dynein arms, 
DNAH5 is reported to have a mutation in around 50% of PCD patients. 
Therefore, we tested DNAH5 in the paraffin sections from 20 NP patients by 
double staining with α-tubulin. As it shown in Figure 6.22, abnormal expression 
of DNAH5 could be found in sections from NP patients, unlike those of healthy 
controls. In healthy controls, DNAH5 localized along the entire length of the 
axonemes and ciliary basal body (see Figure 6.22A). However, there were three 
abnormal patterns of DNAH5 in NP biopsies: 1) Pattern 1 (P1), DNAH5 
localized in the proximal ciliary axoneme but not in the distal part of the 
axonemes (see Figure 6.22B); 2) Pattern 2 (P2), DNAH5 was completely or 
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partially absent from the ciliary axonemes and instead accumulated in the ciliary 
basal body (see Figure 6.22C); 3) Pattern 3 (P3), DNAH5 was completely 
absent in the ciliary axonemes and basal body (see Figure 6.22D). These three 
patterns were reflected in different mechanisms under cilia impairment. For P1 
and P2, these patterns may be related to IFT protein dysfunction. For P3, gene 
mutation of DNAH5 may contribute to this absence. After 20 NP patients were 
screened, most were found have P1, while 30% patients found P2 and P3, 
indicating that the longer cilia in NP may lose parts of the dynein arm and lead 
a decrease in CBF. 
 
Figure 6.22. DNAH5 expression patterns in paraffin sections from healthy 
controls and NP biopies. 
DNAH5 (red) was double stained with α-tubulin (green) in the paraffin sections from 
healthy controls (A) and NP biopsies (B-D, 400×amplifications). 
 
6.2. Discussion 
Literature reports have shown that cilia loss, decrease of ciliated cell number, 
and shortened cilia likely all contribute to dysfunction in mucociliary clearance 
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(Biedlingmaier and Trifillis, 1998; Leopold et al., 2009; Reimer et al., 1978; 
Toskala et al., 1995), which would undoubtedly increase the risks of bio-film 
formation, virus infection, and other environmental risk factor aggression. Our 
data suggest a new possibility that abnormal mucociliary clearance associated 
with epithelial hyperplasia in airway diseases is likely due to the impairment of 
both ciliary architecture and function.  
 
Our data showed that rather than a total change in the percentage of ciliated cells 
among the epithelial cell types (basal cells, goblet cells, and non-ciliated 
columnar cells) in NP biopsies, that there was an increase of cilia per ciliated 
cell and clearly abnormal ciliary architecture (e.g., untidy, overly dense, and 
lengthened). We have further analyzed three important ciliogenesis related 
genes (CP110, Foxj1, and TAp73) to better understand the changes observed in 
NP cilia. Although the cellular localization of these genes is not identical, their 
expression levels (mRNA & protein) were all significantly increased in NP 
epithelium as compared to controls both in vivo. Most importantly, we observed 
a positive correlation between the expression of these genes and cilia length 
implying that they directly function in promoting motile cilia development in 
nasal epithelial cells (Figure 6.23). The biological process of ciliogenesis begins 
with centriole multiplication followed by the inhibition of spindle assembly (i.e., 
arrest of mitosis) the splitting of centrioles and their docking under the plasma 
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membrane in order to form the basal bodies for motile cilia elongation (Avasthi 
and Marshall, 2012). The ectopic cilia pattern that we have observed in the 
epithelium of patients with NP biopsies may thus be attributed to functional 
changes which have resulted in the abnormal regulation of cilia assembly.  
 
Figure 6.23. Model of normal and pathological cilia generation.  
Upregulation of CP110 may promote centrosome duplication. With the regulation of 
spindle assembly by TAp73, hundreds of centrioles are produced. After splitting by 
Foxj1, centrioles migrate and dock under the plasma membrane also with the help of 
Foxj1. Moreover, Foxj1 also promotes the elongation of cilia. With the increase of 
these three ciliogenesis associated markers, cilia may generate into the pathological 
pattern observed in hyperplastic epithelial cells from NP and in other inflammatory 
airway diseases. These results have been published (Ying Ying Li., 2014). 
 
 
CP110 is a centrosomal protein which may promote centrosomal reduplication 
(Chen et al., 2002; Tsang and Dynlacht, 2013). CP110 has been found to both 
modulate the conversion of mother centrioles to basal bodies and to inhibit the 
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formation of primary cilia (Spektor et al., 2007). However, there has been no 
functional study to prove that CP110 contributes to the suppression of motile 
cilia development. Our results showed that CP110 localized especially in the 
basal body of normal ciliated cells, and that its intensity was wider in NP 
epithelial cells. The increase of CP110 in the ectopic cilia of NP epithelial cells 
may be responsible for more basal bodies docking beneath the cell membrane, 
and consequently be related to the motile cilia assembly, and the observed 
dysfunction we observed in NP cilia (Figure 6.23). 
 
Foxj1 is well known as a regulator of cilia differentiation (You et al., 2004) and 
the formation of motile cilia and it participates in multiple steps during cilia 
formation, including centrosome multiplication, docking, and cilia elongation 
(Figure 6.23) (Yu et al., 2008). High expression of Foxj1 can not only induce 
longer cilia but also increase the number of cilia per cell (Roy, 2009). Down- 
regulation of Foxj1, by inflammatory factors (such as IL13), can result in the 
loss of cilia in human airway (Gomperts et al., 2007). Following with our results, 
Foxj1 positive cells were increased in the hyperplastic epithelium from NP 
biopsies and this was correlated with the longer and denser cilia pattern that we 
observed. Our findings are thus in line with the literature and suggest that up-
regulation of Foxj1 may be promoting the elongation of cilia and the number of 
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cilia per cell within the aberrantly remodeled nasal epithelium of patients with 
NP biopsies. 
 
TAp73 plays important roles in cell proliferation, differentiation, cell death, 
stem cell renewal, and cell fate commitment in epithelial tissues (Tomkova et 
al., 2008). One recent study demonstrated that TAp73 may inhibit the 
composition of the spindle assembly complex (Tomasini et al., 2009). This 
observation implies that TAp73 may be critical for the initiation of cilia 
assembly through indirectly promoting the multiplication of centrosomes and 
halting cell cycle progression (Figure 6.23). Our previous studies reported that 
TAp73 was expressed in ciliated cells in both the upper and lower airway 
epithelium (Kumar et al., 2011; Li et al., 2011). In this study, we found that 
TAp73 shows a similar expression pattern to Foxj1 and was also associated with 
cilia length in nasal epithelium, indicating that TAp73 could be a specific airway 
ciliated cell marker. It will be important for future studies to confirm the 
possible function of TAp73 in ciliogenesis and in the disease progression of NP.  
 
Based on our findings, we hypothesize that in chronic inflammatory nasal 
mucosa, that ciliogenesis progression in epithelial cells may be up-regulated 
abnormally. We believe this occurs through a combination of increased 
centrosome duplication (by CP110), inhibition of spindle assembly (by TAp73), 
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increased centriole number and docking sites (by Foxj1), and elongation of cilia 
length (by Foxj1) (Figure 6.23). Although no studies have reported a functional 
relationship among CP110, Foxj1, and TAp73, the positive correlation between 
these three genes in expression level and localization indicate that there could 
be a potential positive feedback circuit including these genes for the promotion 
of abnormal cilia formation in hyperplastic airway epithelium.  
 
While hNESPCs from NP patients differentiated into motile cilia with the same 
ability as those from normal patients, we observed that their CBF slowed down 
which was most likely due to the abnormal ciliary architecture we observed both 
in vivo and in vitro. This finding cannot be confirmed in vivo because there is 
no available objective tool except the use of saccharin dye or radioactive 
particles to measure mucociliary transit time and these are both an indirect 
measurement of mucociliary clearance function. However, the three abnormal 
patterns of DNAH5 in paraffin sections from NP indicated that the defection of 
dynein arm may cause dysfunction of longer cilia in NP. Although data from 
our study suggested that overexpression of ciliogenesis associated markers (e.g., 
CP110, Foxj1, and TAp73) in NP biopsies is associated with abnormal cilia 
architecture, we are not currently able to identify whether this abnormal cilia 
architecture is the cause or the effective result of the pathogenesis in NP. In the 
literature, immotile cilia syndrome has been reported due to primary ciliary 
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dyskinesia (PCD) which is inherited as an autosomal recessive disease (Lorraine 
Eley., 2005), however, PCD is not included in this study due to the lack of 
specific markers for identification. Functional studies are needed in future in 
order to more clearly understand whether these pathogenic phenomena are 
primary or secondary in NP. 
 
6.3. Summary  
In conclusion, this study demonstrates for the first time that aberrant epithelial 
remodeling is associated with significant impairments of cilia architecture and 
function in the chronically inflamed nasal mucosa of NP. Based on the in vivo 
measurements of ciliogenesis associated markers (e.g., CP110, Foxj1, and 
TAp73), which were concordant with the previous results in vitro, the cause of 
these pathological changes is likely intrinsic to the epithelium. These findings 
not only prove that our cell model could have implications for clinical features 
but also are significant to our understanding of the clinical nature of NP with 
persistent inflammation and their high recurrence even after maximal anti-
inflammatory treatment and surgery. Hopefully, our cell model may aid in the 
discovery and development of more specific and direct treatments for NP and 




Chapter 7. Conclusions and future perspectives 
7.1. Summary of important findings 
This thesis examines the characteristics of nasal epithelial stem or progenitor 
cells derived from patients with NP and from healthy controls. Although some 
results did not agree with the findings in the literature, they still provide valuable 
information about the pathogenesis development of NP. This study established 
the first model for nasal epithelial stem or progenitor cells and demonstrated 
their characteristics and the differentiation process in NP as well as in healthy 
control nasal mucosa. In so doing, we have provided a new direction for 
investigating intrinsic pathogenesis in NP. 
 
This study encompassed three important findings. First, a nasal epithelial stem 
cell model was established. After developing the components in a serum-free 
medium based on a monolayer cell model, nasal epithelial stem cells not only 
survived but proliferated in the culture system used in this study. The stem cell 
features derived from the nasal epithelium were verified by a series of 
experiments, thus establishing the success of the stem cell model. Meanwhile, 
the differentiation characteristics were also confirmed in this cell model. Both 
ciliated and goblet cells could be successfully differentiated using this nasal 
epithelial stem cell model. During the differentiation process, pseudo-stratified 
structures were observed after 14 days in the ALI culture. Compared to 
monolayer studies (Cho et al., 2011; R.Wu, 1985), this cell model could 
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simulate the in vivo structure. Moreover, compared to other previous studies in 
the ALI culture (de Jong et al., 1994; Lai et al., 2011), these cells were pure and 
free from contamination and stimulation from inflammatory cells in vivo. 
Unlike in cell line studies, these cells could retain their intrinsic characteristics 
since they were obtained from clinic specimens. In other words, the cells from 
NP biopsies may retain the disease feature after purification. 
 
The second important finding was the intrinsic differences between the 
epithelial cells derived from the healthy controls and patients with NP in terms 
of their stem or progenitor cell features and differentiation processes. At the 
stem or progenitor cell stage, cells grew faster in the epithelial cells from healthy 
controls compared those from the patients with NP. Even after several 
generations, cells from the healthy controls had a stable proliferation status and 
there were less self-differentiated cells compared NP cells. Furthermore, cells 
from patients with NP differentiated into abnormal ciliated cells with a longer 
pattern, slower CBF, and overproduced mucus compared to those from the 
healthy controls. This impairment of ciliogenesis in NP cells may be associated 
with abnormal regulation of the cell cycle.  
 
The third finding was this cell model could mimic the behaviors of epithelial 
cells in vivo. After confirming the cells from patients with NP differentiated into 
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abnormal ciliated cells unlike those from healthy controls, a similar 
phenomenon was also found in the epithelium from paraffin sections from NP 
patients. This study demonstrated for the first time that aberrant epithelial 
remodeling is associated with cilia architecture and function in the chronically 
inflamed nasal mucosa of NP. The cause of these pathological changes is likely 
intrinsic to the epithelium based on the concordance of both in vivo and in vitro 
measurements of ciliogenesis associated markers (e.g., CP110, Foxj1, and 
TAp73). These findings are significant to our understanding of the clinical 
nature of NP and the mechanisms of the anti-inflammatory treatment. 
 
7.2. Limitations of the current study 
Although we reduced the potential confounding factors of the experimental 
process, there were several limitations to this study that could be rectified in 
future investigations: 1) fresh tissue specimens were ideally prepared for all 
different analyses in our study plan. However, because of the limited size of 
some tissue biopsy specimens in both patients with NPs and control subjects, 
not all specimens could be used for every analysis. The sample size in subgroups 
showed obviously different in Chapter 6. Therefore, we have provided the 
number of tissue specimens which has been used for each different experiment 
in Table 6.2; 2) comparative analysis was only focused on the epithelial cells 
from patients with NP. Since there were various stimulations in NP but not in 
healthy control tissues, some of the findings may not reflect the environmental 
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factors in vivo (Li et al., 2013; Yan et al., 2013). Such a limitation could be 
improved by stimulating the stem cell model with proinflammatory elements; 3) 
the functional networks and their essential cell to cell interactions were not 
discussed in this study. Therefore, functional testing is needed in future studies 
in order to reveal the molecular mechanism underlying the differences of stem 
cells between the NP and healthy controls. 
 
7.3. Suggestions for future research 
The stem and progenitor cell model provided a large amount of valuable 
information potentially associated with NP intrinsic pathogenesis. Considering 
that the current study is a descriptive observation, future studies should be used 
to follow up on this project. 
 
7.3.1. Future studies of the implications of the hNESPCs model in other 
common upper airway diseases 
The proliferation and differentiation of nasal epithelial cells after injury are 
considered important to homeostasis in the nasal cavity (Yu et al., 2012). Data 
generated from this study provide reference information about the changes in 
genes related to nasal epithelial cells in proliferation and differentiation both in 
healthy controls and NP biopsies. However, other common upper airway 
diseases such as allergic rhinitis, inverted papilloma and chronic rhinosinusitis 
are also related to epithelium remodeling which may also affect the growth and 
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differentiation of epithelial cells. The hNESPCs will be isolated from other 
common upper airway diseases to compare the growth and differentiation 
properties between the cells from diseased tissues and healthy controls. It will 
give useful information for identifying ectopic patterns of epithelial cells in 
diseases. 
 
7.3.2. Future studies of stimulation and drug treatment in hNESPCs from 
healthy controls and NP patients 
We have found a slower growth rate, longer cilia with higher density, and higher 
production of MUC5AC protein in the hNESPCs isolated from NP tissues 
compared to those from control tissues. In a future study, the cells cultured from 
these two types of samples could be used to study cell response to various 
stimuli. We plan to investigate stimulation with inflammatory mediators (e.g., 
allergens, cytokines, and growth factors) and drug treatment (e.g., 
glucocorticosteroids and Myrtol). The hNESPCs isolated from chronic 
inflammatory tissues (NP tissues) would be expected to have different responses 
in terms of proliferation and differentiation than those from healthy controls.  
The molecular mechanisms after stimulation will be discussed and compared 




7.3.3. Future studies for investigation of abnormal ciliogenesis and cell cycle 
in hNESPCs from healthy controls and NP patients 
Our study identified ciliary impairment and higher expression level of 
ciliogenesis associated markers (CP110, Foxj1, and TAp73) in hNESPCs from 
NP tissue, which may contribute to persistent inflammation and high recurrence 
in NP. Since these three markers act in different stages of ciliogenesis, our 
further study will 1) trace the changes in protein expression and the location of 
these markers during differentiation at different time points and compare them 
between cells from healthy controls and NPs, 2) evaluate known activators or 
inhibitors in upstream and downstream of these three markers, 3) apply an RNA 
interference technique to specifically knock down the expression of these three 
genes in different time points in the differentiation process and confirm the roles 
of these genes in ciliogenesis. 
 
As the ciliogenesis process can be separated into four stages, TAP73 and CP110 
are considered to play roles in the early stage, which related to the exit of cell 
cycle (Tomasini et al., 2009; Zhihong Chen, 2002). Our results indicated that 
the aberrant expression of cell cycle markers may affect the ciliogenesis 
associated markers in NP cells. Further study will 1) trace the change in cell 
cycle during differentiation at different time points by flow cytometry and 
compare them between healthy controls and NP biopsies, 2) screen more genes 
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related to cell cycle and ciliogenesis (e.g., CDK2 and CDK5) in the 
differentiation process and investigated whether the ectopic proliferation of NP 
has any relation with abnormal ciliated cell differentiation. 
 
In this thesis, we found longer, but dysfunctional, cilia in NP tissues and cells. 
The decrease of CBF in NP cells may relate to the mutation or ectopic 
expression of axoneme protein (Kikkawa, 2013). The main protein of the outer 
arm, DNAH5, was found had three abnormal patterns in tissue paraffin sections 
from 20 patients with NP. Future study of the ectopic axoneme protein could be 
optimized by 1) increasing the sample size to further confirm the preliminary 
results, 2) using hNESPCs model to verify whether this ectopic expression in 
NP tissue is caused by intrinsic or environmental factors, 3) screening other 
axoneme proteins that are associated with ciliary motility both in vivo and in 
vitro.  
 
In summary, the studies and applications of hNESPCs proposed here will open 
a new area for investigating NP pathogenesis. It is ultimately useful to 
understand the roles of intrinsic and environmental factors in NP and develop 
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